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Solar energy could be a promising renewable energy source, but as variations in 
sunlight and the diurnal rhythm affect the number of photons readily available at any time, 
the storage of solar energy is of great importance. An attractive way to remediate this concern 
is to “store” the solar energy in the smallest volume, i.e. in chemical bonds. For example, 
hydrohalic acid (HX) splitting yields hydrogen gas (H2) and the corresponding halogen (X2) 
that can both be stored as solar fuels and recombined when needed in a classic fuel cell. This 
dissertation will focus on the fundamental study of molecular excited states generated by 
visible light and how their excited-state reactivity can trigger halide oxidation and initiate 
covalent bond formation. Throughout this dissertation, fundamental details related to the 
photophysical properties of molecular sensitizers and their photochemical reactivity will be 
discussed.  
In Chapter 2, fundamental photophysical and photochemical properties of ruthenium 
photosensitizers and how these are affected by organic solvents or ion-pairing with chloride 
are detailed. The focus of Chapter 3 is related to the photooxidation of chloride by molecular 
excited-states where the data present compelling evidence for chloride oxidation to the 
chloride atom by a one-electron transfer mechanism. In Chapter 4, an in-depth analysis of the 
effect of ion-pairing on the iodide oxidation mechanism is performed. Here, a novel intra-
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ionic mechanism is described, where the substitution pattern of the photosensitizers was 
found to tune the rate of diiodide bond formation. Osmium photosensitizers are introduced in 
Chapter 5 in an effort to further understand the effects of excited-state dipole orientation on 
the different iodide oxidation mechanisms. Finally, Chapter 6 explores chloride, bromide and 
chloride oxidation by iridium sensitizers in six organic solvents. Additionally, this chapter 
describes in detail the method used in this work to estimate the one electron halogen 
reduction potential in six organic solvents as well as in water.
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1.1 Photochemistry and Photochemical Reactions  
Modern society was built on fossil fuels, and while many technological advances 
have been made to use them more efficiently, the fact remains that fossil fuels are not a 
sustainable energy source.1,2 Scientist have agreed on this fact for a long time, although the 
main focus of the concern have shifted from the finite nature of the fuel source.1,2  
In recent years, the focus has shifted to the rising carbon dioxide (CO2) levels, and 
other emissions of greenhouse gases, which have been shown to correlate to changes in the 
global climate.2–4 Projections of rising sea-levels, melting ice caps, extreme weather and 
possible food shortages are all major threats that we will face on a global scale if we remain 
passive. A poignant example is the projected redistribution of species, which includes 
mosquitos, towards polar latitudes every year. As a result of this, malaria, the most prevalent 
mosquito-borne disease, is expected to reach new areas and result in climate-related 
epidemics.3 Global efforts are required to enforce changes in policy, behavior and 
consumption in order to curb the effects and possibly halt the development. To this effect, 
goals that limit the global temperature increase to 1.5 °C were laid out in the Paris 
agreement,5 where participating countries develop policies to mitigate climate change.
1This work is in part based on a previously published article in Chemical Reviews with contributions from L. 
Troian-Gautier, M. D. Turlington, S. A. M. Wehlin, A. B. Maurer, M. D. Brady, W. B. Swords, G. J. Meyer. 
Reprinted with permission. Copyright 2019 American Chemical Society. 
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There are various strategies available to each country to achieve these goals, but to 
alleviate some of the strain of modern industry, a concerted effort in the development and 
implementation of renewable energy is required. With more efficient and readily available 
alternative fuel sources, the detrimental effects of fossil fuels can be reduced. Taking 
inspiration from nature and photosynthesis, a promising approach is to use solar energy, 
considering that the total energy of the solar radiation that reaches the earth in a day exceeds 
the total global yearly energy demand.6 
The development of an artificial photosynthesis cell that can efficiently and cost-
effectively perform water splitting have long been viewed as a holy grail within 
photochemistry.1 Water (H2O) could be split into its component parts (H2 and O2) using 
sunlight. The products could then be recombined in a process that would release energy, with 
water as the byproduct.7 If this idealized procedure could be realized in devices on a large 
scale, the dependence on fossil fuels could be much alleviated.7 
The development of processes to convert sunlight into useful energy, such as 
electrical energy and solar fuels, or even higher value chemical commodities requires an 
intimate knowledge of photochemistry.7–9 Photochemistry is the study of chemical reactions 
that are initiated by light and the molecules that are used to initiate them, often referred to as 
sensitizers. In studies of sensitizers that can harness sunlight, visible light excitation forms 
molecular excited-states that can undergo chemical transformations that are not achievable in 
the ground-state. The energy of the excitation light is temporarily stored in the excited-state, 
which can undergo electron transfer reactions to yield reduced and oxidized products, termed 
charge separated species.  
 
 3 
A specific approach, which is discussed in depth in this dissertation is to employ 
molecular excited-states to generate charge separated species, and through subsequent 
chemical pathways generate covalent bonds. Such fundamental investigations of 
photochemical reactions lead to intimate knowledge of mechanistic pathways, which in turn 
leads to opportunities to tune reactions to optimal efficiency. 
1.2 d6 Transition Metal Complexes 
In order to harvest sunlight and subsequently use it to drive a chemical reaction, 
particular properties are desired in the sensitizers such as high molar absorption coefficients 
and long-lived excited-states that can store the corresponding free energy and use it to drive 
chemical transformations. These are usually met by d6 transition metal complexes, amongst 
others, with one or more polypyridyl ligand. These complexes, including Ru(II), Os(II) and 
Ir(III) complexes (Figure 1.1), are photoactive complexes that can sensitize reactions to 
visible light. Light excitation of these complexes generates excited-states, which have been 
of interest to the photochemical community for e.g. photocatalysis, renewable energy 
applications and medical applications, both for direct applications and fundamental studies.9–
15 
 
Figure 1.1.Three prototypical metal complexes [Ru(bpy)3]2+, [Os(bpy)3]2+ and [Ir(ppy)2(bpy)]+. 
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1.2.1 Ruthenium(II) Complexes 
 [Ru(bpy)3]2+ where bpy is 2,2’-bipyridine with a Ru(II) (d6) metal center is perhaps 
the most prototypical photoactive transition metal complex. Closely related complexes are 
numerous, as synthetic modifications of the ligands can be introduced with relative ease, and 
homo- or heteroleptic complexes are routinely synthesized. The complexes are typically 
orange or red and intensely colored, owing to their high molar absorption coefficient in the 
blue-to-green part of the visible spectrum. Ruthenium complexes are relatively stable, 
possess a moderately long-lived excited-state, usually in the microsecond range, and their 
properties have been the subject of many excellent reviews over the years.16–20  
 
Figure 1.2. UV-visible absorption spectrum of [Ru(bpy)3]2+ in CH3CN. 
The ground state UV-Visible absorption spectrum of [Ru(bpy)3]2+ (Figure 1.2) shows 
different transitions that can be identified in many ruthenium tris-bipyridyl complexes.21 The 
peak in the UV region, ~280 nm with a high molar absorption coefficient (80-100,000 M–1 
cm–1), has been assigned to a ligand-centered (π-π*) transition. The relatively intense bands 
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between 400 and 500 nm have been assigned as Metal-to-Ligand Charge Transfer (MLCT) 
transitions (dπ-π*), which typically have molar absorption coefficients between 10-15,000 M–
1cm–1.22 The metal-based d-d transitions (dπ-dπ*), are expected to have small molar 
absorption coefficients (~100 M–1cm–1)23 and may be masked by the more intense MLCT 
bands. 
Visible light excitation of [Ru(bpy)3]2+ forms an excited state, where charge formally 
moves from the metal center to the ligand-based orbitals, Equation 1.1.  
[Ru$$(bpy)*],- 	
/0
12	[Ru$$$(bpy•4)(bpy),],-∗	 Equation 1.1 
Woodruff et al. showed, using time-resolved Raman spectroscopy, that in the excited 
state the electron is formally localized on one ligand rather than delocalized over all three.24 
Furthermore, Blakely and DeArmond showed that in heteroleptic complexes, the electron 
preferentially localized on the ligand that was most easily reduced.25 Hence, by moderately 
straightforward electrochemical measurements, the formulation of the excited state can be 
determined in most ruthenium complexes.  
Light excitation of the MLCT band generates a vertically excited Franck-Condon 
state (1MLCT). This state undergoes rapid intersystem crossing (ISC) to a triplet excited state 
(3MLCT), which typically has a lifetime on the order of microseconds.26,27 The 3MLCT is an 
excited-state manifold, which was shown by low temperature measurements to consist of 
three closely spaced energy levels.28–31 At ambient temperatures, these are in thermal 
equilibrium. Photoluminescence (PL) results from the thermally equilibrated 3MLCT state 
through relaxation back to the ground state. In some complexes, it was postulated that a 4th 
3MLCT state, higher in energy by 400-900 cm–1, was available for population.20,32–34 Higher 
yet in energy is the Metal Centered (3MC) or Ligand Field (LF) state by 4-5,000 cm–1, which 
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can be thermally populated from the 3MLCT states (Figure 1.3).35–38 This state is anti-
bonding with respect to the ligands and depopulation from this state occurs either through 
thermal relaxation or ligand loss.  
 
Figure 1.3. Jablonski-type energy level diagram for [Ru(bpy)3]2+ showing the main processes that may 
occur after vertical excitation to a 1MLCT Franck-Condon excited state.  
The excited-state lifetime, t, is governed by a combination of the radiative rate 
constant, kr, which is typically on the order of 104 s–1, and the non-radiative rate constant, knr , 
which is typically on the order of 106 s–1, Equation 1.2. As a consequence, the excited-state 




 Equation 1.2 
The quantum yield of photoluminescence, FPL, is a measurement that, independent of 
the excitation source, relates the number of absorbed photons to the number of photons that 
are emitted as photoluminescence, Equation 1.3. One approach to measure a quantum yield is 
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comparative actinometry, for which [Ru(bpy)3]2+ with a quantum yield of 0.062 is very often 




 Equation 1.3 
The activation energy, Ea, to the LF states from the 3MLCT states can be estimated by 
measuring the change in lifetimes or quantum yields over a wide range of temperatures. The 
resulting lifetimes are modelled by a modified expression, pioneered by van Houten and 
Watts,35,40 in which an Arrhenius type term has been added, Equation 1.4. 
τ = 	
1
(𝑘: + 𝑘<: + 𝐴e
4AB
CD 	)
	 Equation 1.4 
In this equation A is a pre-exponential factor and Ea is the activation energy for the 
internal conversion from the 3MLCT state to the LF state. Values around 4000 cm–1 in 
acetonitrile for the activation to the ligand field state are typical for Ru complexes, while 
values between 4-800 cm–1 are expected if deactivation occurs mainly through the 4th MLCT 
instead.34,40 
As explained, light excitation promotes an electron from the ground state to the 
3MLCT state. This results in a formally oxidized ruthenium center and a formally reduced 
ligand. Hence, the redox properties are strongly affected by this visible light excitation, as 




Figure 1.4. Latimer diagram of [Ru(bpy)3]2+ showing the formal reduction potentials for and related 
species in CH3CN at a fixed ionic strength of 0.1 M. Potentials are referenced vs SCE (+0.244 vs NHE). 
Visible light excitation allows [Ru(bpy)3]2+ to store almost 2 V of free energy in the 
excited state. Consequently, these complexes remain inert in the dark to a wide scope of 
redox chemistry that becomes available upon illumination. The more potent excited-state 
potentials, combined with the relatively long-lived excited states are two of the reasons why 
these types of transition metal complexes are so appealing to use for photoinduced electron 
transfer. 
1.2.1 Osmium(II) Complexes 
[Os(bpy)3]2+, as an Os(II) (d6) metal complex, shares many properties with 
[Ru(bpy)3]2+. Some differences arise as osmium is a 5d metal, with larger spin-orbit coupling 
than ruthenium.41,42 Osmium absorption spectra also display ligand centered π-π* transitions 
at ~290 nm with high molar absorption coefficients (80-100,000 M–1 cm–1) and intense 
singlet metal-to-ligand charge transfer (MLCT) bands around 400-500 nm with comparable 
molar extinction coefficients (10-15,000 M–1cm–1) to ruthenium complexes, Figure 1.5.43,44 
These MLCT transitions were identified as a mainly spin-allowed 1MLCT bands. However in 
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osmium complexes there are also commonly a broad feature at longer wavelengths that has 
been assigned as a spin forbidden singlet-to-triplet absorption, based on orbital assignments, 
theoretical calculations and energetics. 41,43–47 Nevertheless, a singlet-to-triplet absorption is 
expected to be more intense for osmium complexes than it is for the analogous ruthenium 
complexes due to the increased spin-orbit coupling of the Os metal center.41,42  
 
Figure 1.5. UV-visible spectrum of [Os(bpy)3]2+ in CH3CN. 
Osmium complexes display room temperature photoluminescence from a 3MLCT 
excited state, but the photoluminescence is typically red-shifted compared to ruthenium 
complexes, indicative of a smaller energy gap (DE) between the metal centered orbitals (dπ) 
and ligand-based orbitals (π*). For example, the PL maximum of [Os(bpy)3]2+ is 743 nm in 
acetonitrile compared to the emission maximum of [Ru(bpy)3]2+ at 610 nm.20,48 As smaller 
energy separation between the ground and excited state potential energy surfaces leads to 
better ground-excited state overlap, leading to a larger knr.49 Indeed, in agreement with the 
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energy gap law, [Os(bpy)3]2+* has a short 60 ns excited-state lifetime and small PL quantum 
yield (FPL=0.004).48 
At temperatures below 77K it was shown that there were three 3MLCT states in 
[Os(bpy)3]2+, similarly to the results shown for [Ru(bpy)3]2+.31,33 Conversely, the ligand field 
(LF) states in osmium complexes are typically not accessible at room temperature, as the 
activation energy from the MLCT is higher than in the corresponding ruthenium 
complexes.33 Hence photosubstitution of ligands in osmium complexes is generally 
inefficient or non-existent. The slight temperature dependence that was observed for the 
excited-state lifetime was explained due to the increased population of the 4th MLCT state at 
higher temperature, and the activation energy (~800 cm–1) corresponded well with population 
of this state.31,34  
Relative to [Ru(bpy)3]2+, the metal-based reduction potential at E°(OsIII/II) = +0.81 V 
vs SCE was shifted to less positive potentials by ~460 meV. The first ligand reduction, on the 
other hand, is not as sensitive to the metal identity and did not shift as much, E°(Os2+/+) = –
1.29 V vs SCE, which is only 50 meV less negative than for [Ru(bpy)3]2+. Osmium 
complexes have found some use in renewable energy applications, due to their broad ground 
state absorption spectra.50,51 Osmium complexes have also found numerous applications in 
electron transfer studies, both inter- and intramolecular.19,52–56 
1.2.2 Iridium(III) Complexes  
Iridium(III) complexes, have a d6 electronic configuration and ligand preferences that 
are different from Ru(II) and Os(II). Ir(III) preferentially forms cyclometalated complexes, 
such as [Ir(ppy)3], where ppy is 2-phenylpyridine . The tris-bipyridine [Ir(bpy)3]3+ complex 
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was synthesized, in low yield due to the fact that a cyclometalating bond is preferentially 
formed when the last bipyridine ligand is chelated.57,58  
For the purpose of this thesis, the cyclometalated [Ir(ppy)3] and the cationic complex 
[Ir(ppy)2(bpy)]+ will mainly be discussed. Cyclometalating ligands result in complexes with 
fundamentally different electronic structures and photochemical properties than a complex 
bearing only bipyridine ligands, such as [Ru(bpy)3]2+.  
 
Figure 1.6. Absorption, PL and excitation spectra of [Ir(ppy)3] in CH2Cl2 at 300 and 77K. Reproduced 
from ref 59. Copyright 2010 American Chemical Society. 
The ground state absorption spectra of iridium complexes can be widely tuned in the 
visible range,59 but the absorption of [Ir(ppy)3] is significantly blue shifted compared to 
[Ru(bpy)3]2+ (Figure 1.6).60 π-π* transitions were identified at ~250 and ~290 nm with a 
molar absorption coefficients around 25,000 M–1 cm–1. A broad absorption band was 
identified around 370 nm with a corresponding molar absorption coefficient of about 7,000 
M–1 cm–1, which demonstrates the diminished light absorption capacity compared to 
ruthenium and osmium tris-bipyridine complexes.61 These transitions, which have been 






ligand (MLLCT) and metal-to-ligand (MLCT) charge transfers, depending on the type of 
iridium complex. In [Ir(ppy)3] this transition is mainly MLCT in nature. However, in 
complexes such as [Ir(ppy)2(bpy)]+ where a bpy ligand has been introduced, the electronic 
structure of the complexes changes. In general the HOMO has more ppy ligand character 
while the LUMO remains on the bpy ligand.42,62,63 These transitions, in the 320-450 nm 
region, are then typically assigned as a MLLCT bands.62,64 The low molar absorption 
coefficient transitions red shifted of the singlet charge transfer bands, at wavelengths greater 
than 450 nm in Figure 1.6, are assigned to direct singlet-to-triplet excitations.64,65 While spin 
forbidden, these transitions occur due to the very large spin-orbit coupling of iridium, which 
is even larger than for the osmium metal center.66 
Visible light excitation of iridium complexes generates excited states that are 
luminescent at room temperature. Typically, the PL quantum yields are much larger than that 
of osmium or ruthenium complexes. [Ir(ppy)2(bpy)]+ has a quantum yield of 0.14, while the 
homoleptic [Ir(ppy)3] has a quantum yield of 0.38.42,65 In [Ir(ppy)3] the photoluminescence is 
generally accepted to mainly occur from a 3MLCT state, while other ruthenium complexes 
are known to display photoluminescence with increased ligand-to-ligand charge transfer 
(3LC) character, Figure 1.7. The nature of the lowest emissive state in iridium complexes, 
3LC or 3MLCT, depends on the number of cyclometalating ligands, as they are very close in 
energy, Figure 1.7.42,62–64 The effect of the cyclometalating ligands is to cause mixing  
character of the lowest triplet states, by decreasing the energy difference (DE, Figure 1.7) 
between the 3LC and the 3MLCT state.67  
In ultrafast studies of [Ir(ppy)2(bpy)]+ for example, it is generally accepted that the 
photoluminescence occurs from a low lying 3MLLCT state, which is formed via a process 
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that involves the metal and the ppy ligand as the electron donor and the bpy ligand as the 
electron acceptor.62,64,68 
Overall the Ir-C bonds are stronger s-donors than Ir-N bonds, which has two main 
consequences for the orbital diagram of iridium complexes. The HOMO is stabilized, and 
results in a larger energy gap between the metal based dπ and ligand based π* orbitals, which 
blueshifts both the absorption and the photoluminescence. This also leads to the 
destabilization of the LF states (or MC orbitals) with the result that there is little to no 
deactivation through the LF states.63,64,67 Hence, archetypal cyclometalated iridium 
complexes are more photostable than ruthenium tris-bipyridine complexes, as the anti-
bonding state is not as easily populated. The inaccessibility of the LF states also contributes 
to the increased quantum yields of iridium complexes at ambient temperatures.42,67  
 
Figure 1.7. Jablonski diagram for iridium(III) complexes showing the main processes that may occur 
after vertical excitation to a 1MLCT Franck-Condon excited state. 
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The strong s-donation from cyclometalating ligands also leads to higher electron 
density on the iridium center which makes it easier to oxidize. The metal-based oxidation in 
[Ir(ppy)3] being E°(IrIV/III) = +0.77 V vs SCE. This is in stark contrast to the metal-based 
oxidation of [Ir(bpy)3]3+, which E°(IrIV/III) = +2.1 V vs SCE.42 The first ligand reductions are 
also highly different between the two complexes, where the cyclometalating ligand on 
[Ir(ppy)3] is harder to reduce at E°(Ir0/–1) = –2.19 V vs SCE, while the bipyridine ligand 
requires less reducing potentials for [Ir(bpy)3]3+ with E°(Ir3+/2+) = –1.1 V vs SCE.42 Both 
complexes store more than 2.5 eV in their excited state and are a potent photoreductant or 
photooxidant, respectively.66 The heteroleptic complex [Ir(ppy)2(bpy)]+ has an intermediate 
metal centered reduction potential at E°(IrIV/III) = +1.35 V vs SCE and a first ligand reduction 
centered on the bpy ligand which occurs at E°(Ir+/0) = –1.31 V vs SCE.69  
1.3 Photoreactivity and Quenching  
1.3.1 Excited-state Potentials 
When excited by visible light, Ru, Os and Ir metal complexes store free energy in 
their excited states.22,42 Accordingly, reactions that may be thermodynamically unfavorable in 
the ground state, may be observed after light excitation as the excited states are better 




Figure 1.8. Left hand side: Oxidation of an “electron donor” by an excited state A* that does not occur in 
the ground state A. Right hand side: Reduction of an “electron acceptor” by excited state D* that does 
not occur in the ground state D. 
As shown, the excited-state can transfer an electron to a donor, D, or acceptor, A, in 
solution. Both A and D will be referred to as “quenchers” for the remainder of this 
dissertation. Much of the free energy can be preserved in the excited-state electron transfer 
reaction with minimal loss of energy in a well-matched system. After electron transfer, in 
both the reduction and oxidation reaction, two radicals are formed. If the oxidized or reduced 
quenchers undergo subsequent reactions to form a chemical bond, the overall sequence 
results in an excited state initiating the formation of a covalent bond.70 
Excited-state electron transfer reactions promoted by transition metal complex have 
been shown to occur by both dynamic (diffusional) and static mechanisms. It is therefore of 
interest to review these mechanisms and describe the method of analysis used to distinguish 
between them. 
1.3.2 Stern-Volmer Analysis 
A powerful technique used to evaluate excited-state intermolecular quenching was 
developed by Otto Stern and Max Volmer.71 This analysis quantifies excited-state quenching 
of photoluminescent redox active species by quenchers in solution. Quenchers are species 
that decrease the photoluminescence intensity (PLI) or the excited-state lifetimes (t) of an 
excited-state species. This robust method of analysis allows for comparison between 
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quenchers and also offers some insights into the different contributions from of diffusional 
and quenching mechanisms.72,73 The diffusional mechanism requires the reactants to 
associate in solution and form an encounter complex prior to electron transfer. In a static 
mechanism, a ground state adduct is excited and subsequently undergoes electron transfer. 
These two mechanisms result in distinct Stern–Volmer plots, which allows for quantitative 
evaluation. However, it is important to remember that Stern–Volmer analysis does not offer 
definitive evidence for any one pathway of quenching, such as electron transfer, energy 
transfer or triplet-triplet annihilation.  
1.3.2.1 Dynamic Quenching  
The Stern–Volmer analysis is derived by considering the total PLI or t in the presence 
and absence of a quencher, Q. A linear relationship, Equation 1.5, has been derived for the 
ratio of PLI or t versus the quencher concentration. Here PLI0 and t0 are the PL intensity and 






= 1 + 𝐾KL[𝑄] 	= 1 + 𝑘N𝜏H[𝑄]	 Equation 1.5 
In other words, when the excited state concentration is kept constant and the quencher 
concentration is systematically varied, the lifetime, t0/t, or photoluminescence intensity, 
PLI0/PLI ratio is plotted against the quencher concentration, [Q]. The slope is termed the 
Stern–Volmer constant, KSV, and is the concentration, [Q], at which half of the excited states 
will be quenched is equal to (KSV)–1. The bimolecular rate constant kq is also intimately 
related to the Stern–Volmer constant and the excited-state lifetime in the absence of any 
quencher, t0, according to Equation 1.5. 
If a plot of PLI0/PLI is linear then the quenching is termed “dynamic”. If on the other 
hand, a plot of PLI0/PLI deviates from linearity with upward curvature, evidence for a 
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“static” mechanism exists (vide infra). Stronger evidence for a static mechanism is realized 
when the excited state lifetime is independent of the quencher concentration.  
Dynamic quenching includes a diffusional element, whereby the quencher and 
excited-state diffuse through solution and form an encounter complex, prior to quenching. 
Hence, in the descriptions of dynamic quenching the excited-state lifetimes play a crucial 
role in the quenching efficiency. As metastable species, excited states do not diffuse for 
indefinite periods of time, as they eventually decay by radiative or non-radiative relaxation to 
the ground state. The Einstein equation, Equation 1.6, relates the root mean square distance 
of excited-state diffusion during the lifetime, t, where D is the diffusion coefficient.  
∆𝑥, = 2𝐷𝜏	 Equation 1.6 
Both the distance diffused by the excited state during its lifetime and the quencher 
concentration will affect the probability of an encounter. Suppose the excited state has a 
diffusion coefficient of 2.5 ×10−5 cm2/s. If the excited state has a lifetime of 10 ns, then the 
average distance it can diffuse (Dx2)1/2 is about 70 Å. However, if the lifetime was 1 
microsecond then the excited state could diffuse for 700 Å. This underscores the large effect 
of long-lived excited states when diffusional quenching is operative.  
1.3.2.2 Static Quenching 
The photoluminescence intensity may decrease in the presence of a quencher without 
an accompanying decrease in excited-state lifetime. Instead, a decrease in the initial 
amplitude of the time resolved photoluminescence, a0 is observed. This is often due the 
formation of non-emissive ground-state adducts. The Stern–Volmer constant under such 
conditions reports on the ground state association constant, KS. 






	 Equation 1.8 
[𝑆]H = [𝑆] + [𝑆 − 𝑄] Equation 1.9 
The PLI is due to S* excited-states, that have not formed an adduct with the quencher, 
such that (PLI/PLI0) = ([S]/[S]0). Substitution of Equation 1.9 into Equation 1.8 with 
rearrangement and use of this equality, provides Equation 1.10 as the Stern Volmer equation 






= 1 + 𝐾K[𝑄]	 Equation 1.10 
Here, the slope for t0/t is unity if static quenching is the only operating mechanism. 
PLI0/PLI plotted against quencher concentration is expected to yield a linear slope, from 
which the association constant, KS, is determined. Substantial ground-state spectral changes 
can also be expected in the case of ground-state adducts that can be useful for evaluating the 
association constant. 
When a combination of both dynamic and static quenching occurs, the Stern-Volmer 
plot of the PLI presents an upward curvature and a quadratic dependence on the quencher 









= 1 + (𝐾Y + 𝐾K)[𝑄] + 𝐾Y𝐾K[𝑄],	 Equation 1.11 
1.4 Photoredox Chemistry of Halides 
Because of the diurnal cycle of the sun, a key for successful solar energy utilization is 
the development of inexpensive storage, which represents a significant challenge.74 Batteries 
are often invoked as a possible means to store energy, but low energy densities (0.3−0.9 
MJ/kg, 0.9−2.4 MJ/L) with some of the lightest elements in the periodic table suggest that 
the energy densities of batteries are approaching a ceiling.75 The smallest volume in which 
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electrons can be stored is in a chemical bond, and hence, liquid fuels such as gasoline have 
much greater energy densities of ∼50 MJ/kg (∼35 MJ/L). Hydrogen gas possesses an even 
greater energy density of 140 MJ/kg (9.17 MJ/L at 700 bar), making for a promising target 
for large scale storage.76 
Research efforts into renewable energy sources in the 1970’s investigated hydrohalic 
acid (HX) splitting, which generates H2 and X2 and indicated that this approach could be of 
interest.77 This was not only for the hydrogen production possibilities, by also for the halide 
redox chemistry, which could also be utilized for energy conversion and storage. 
Photoelectrochemical cells for HX splitting and regenerative cells that utilize halides as 
redox mediators were developed for power generation.78–80 Halide photoredox chemistry was 
advanced during this time and the interest has been reignited in recent years as the need for 
solar energy conversion and storage has grown. The halides possess rich chemistries in both 
aqueous and organic solvents and halogen radicals readily form X-X bonds in the presence of 
excess halide in solution, which can be used to drive the formation of covalent bonds. 
An important consideration for the practical applications of halogen species is their 
natural abundance, which decreases with increasing atomic number, as chloride is the 20th 
most abundant element in Earth’s crust, followed by bromide (46th) and iodide (61th).81 
Chloride and bromide are found in seawater in relatively high concentrations.82 Higher 
bromide concentrations are found in salt lakes, where bromide is typically extracted. Iodine 
is commonly found in the form of iodate minerals, while seawater contains much lower 
concentrations compared to bromide and chloride, due to the biophilic nature of iodine.83 
1.4.1 Renewable Energy Technologies 
Regenerative solar cells convert light to electrical power without any net chemistry 
(Figure 1.9). These solar cells are generally comprised of one dye-sensitized photoelectrode 
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and one metal electrode immersed in an electrolyte with solvated mediators that shuttle redox 
equivalents between them. Mixtures of halogens and halides have long been utilized in this 
regard, particularly I3–/I2/I–. The dye-sensitized solar cell (DSSC) introduced by O’Regan 
and Grätzel in 1991 employed anatase TiO2 nanocrystallites interconnected in a mesoporous 
(5−10 µm) thin film as the dye-sensitized photoelectrode.78 The interpenetrating network 
increases the probability that an electron injected into TiO2 will encounter an acceptor present 
in the electrolyte. It was discovered early on that mixtures of I2 and I– in CH3CN made 
exceptionally good redox mediators that enabled quantitative collection of injected electrons 
under many experimental conditions. 
 
Figure 1.9. Schematic representation of a dye-sensitized solar cell (DSSC) where an excited-state 
sensitizer S* injects an electron (kinj) into the TiO2 acceptor states. The oxidized sensitizer is regenerated 
(kreg) by iodide either through a single-atom pathway (blue arrow) or through a concerted pathway 
(orange arrow). 
A simplified description of DSSC operation is shown in Figure 1.9. Upon visible light 
absorption, an excited dye, or sensitizer, S*, injects an electron into TiO2, yielding an 
oxidized sensitizer, S+, and an injected electron. The sensitizer is regenerated through iodide 
oxidation,84 and the injected electron is transported through the film and the external circuit 
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to a metallic counter electrode where triiodide is reduced back to iodide. At the short-circuit 
condition, dye regeneration occurs quantitatively with many sensitizers capable of converting 
absorbed photons to electrons in the external circuit with a quantum yield of one, producing 
photocurrent densities of ∼17 mA/cm2, open-circuit photovoltages VOC ≤ 0.8, and overall 
efficiencies of ∼10%.85  
The mechanism(s) by which dye regeneration occurs at the dye-sensitized TiO2 
interface has been the subject of many studies.86 The origin of quantitative short-circuit 
photocurrents, and hence quantitative regeneration, are easily understood from this kinetic 
data. Charge recombination to the oxidized sensitizer occurs on the 10–4 s time scale while 
iodide oxidation by gold-standard sensitizers like N3 (cis-Ru(dcb)2(NCS)2 where dcb is cis-
4,4′-(CO2H)2-2,2′-bipyridine) occurs on the 10–7 s time scale, resulting in a regeneration 
quantum yield of ∼99%.85,87  Non-exponential kinetics for charge recombination leads to 
some uncertainty in the absolute rate constants, but conditions have been identified where 
recombination is first-order in the iodide concentration. Regeneration rates based on an 
“average” of discrete or continuous distributions of rate constants have been reported and 
found to track the sensitizer reduction potential, E°(S+/0).88–90 When the E°(S+/0) is less than 
∼0.85 V vs SCE, or when bromide is used as redox mediator in place of iodide,91,92 
recombination of the injected electron with the oxidized sensitizer can become competitive 
with halide oxidation, resulting in yields far less than unity. It is not sufficient for S+ to be 
thermodynamically competent for halide oxidation; S+ must oxidize I– rapidly before 
recombination with the injected electrons occurs.  
The intimate mechanism for sensitizer regeneration through iodide oxidation remains 
speculative at TiO2 interfaces. What is known for certain is that diiodide, I2•–, is an 
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intermediate that quantitatively disproportionates.93 The pathway to I2•– could occur through 
an iodine atom intermediate, Equation 1.12, or directly by a concerted pathway in which 
electron transfer and I−I bond formation occur in one synchronized step, Equation 1.13. In 
principle, kinetic resolution of S+→ S and 2 I– → I2•– would allow for the two pathways to be 
distinguished. 
TiO2(𝑒–) S+⁄ + I– 	⟶ 	TiO2(𝑒–) S⁄ + I•(+I– ⟶ I2•–) Equation 1.12 
TiO2(𝑒–) S+⁄ + 2I– 	⟶ 	TiO2(𝑒–) S⁄ + I2•– Equation 1.13 
Such kinetic resolution has been accomplished in fluid solution for Equation 1.12, but 
studies at TiO2 interfaces have been inconclusive. The preponderance of published papers that 
invoke a concerted mechanism for I2•– formation do so based on free energy considerations. 
This represents indirect evidence as Equation 1.13 has not been directly quantified.  
 
Figure 1.10. Dye-sensitized photoelectrosynthesis cell (DSPEC) in which light induced HX oxidation 
yielding X2 and 2H+ is performed at the photoanode while H+ reduction occurs at the cathode. Proton 
transfer across the two electrodes’ compartment is achieved through a proton exchange membrane. 
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In a dye-sensitized photoelectrosynthesis cell (DSPEC),94,95 mesoporous thin films 
of wide band gap metal oxide semiconductor nanoparticles are sensitized to visible light with 
molecular photocatalysts. Similar to the function of a DSSC, upon light absorption and 
formation of an excited-state photocatalyst, subsequent electron injection into the metal oxide 
conduction band yields an injected electron and an oxidized photocatalyst. The injected 
electron is transported to the transparent conducting oxide and ultimately to a platinum 
electrode where proton reduction occurs. The oxidized photocatalyst is then regenerated 
through halide oxidation. The two electrodes are separated by a proton-exchange membrane, 
allowing for selective H+ diffusion and preventing X2 to reach the platinum electrode. 
Recently, a relationship between stability of the oxidized photocatalyst and E1/2 has been 
revealed under conditions that mimic photocatalyst regeneration in DSSCs and DSPECs.96  
DSPECs can be adapted for any HX splitting target, although the largest focus has 
been placed on hydrobromic acid (HBr) splitting, which has several potential advantages 
compared to the other acids, HCl and HI, and water splitting. However, both HCl and HI 
splitting are also of interest, as these X2 halogen products are desirable in their own right. 
Chloride is a promising target as it is a naturally abundant resource, and chlorine is a top 
commodity chemical that is currently produced in the energy demanding chlor-alkali 
process.97 Solar HCl splitting may one day provide a more efficient route to this useful 
product. 
Hydrohalic acid splitting (HX) and water splitting (H2O) are routes of great interest 
for solar hydrogen fuel production. The virtually infinite and widely available supply of 
water on earth makes water splitting an attractive target. However, despite this large supply, 
the oxidation of H2O to O2 is a complicated four-electron process that involves multiple 
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proton-coupled electron transfer steps. Alternatively, HX splitting is mechanistically simpler 
than water oxidation, as halides (X–) are oxidized to X2 by a two-electron transfer process 
that does not involve proton-coupled electron transfers. HX splitting is the 
thermodynamically uphill conversion of HX to yield H2 and the corresponding halogen, X2, 
Equation 1.14. The reverse reaction releases free energy, and hence H2 and X2 can be stored 
as solar fuels. 
2HX	 ⟶	H, +	X, Equation 1.14 
Thus, rather than converting light directly to electrical power, as in a photovoltaic 
device, part of the energy of solar photons can be stored in chemical bonds through HX 
splitting. It is important to note that the notion of energy storage in chemical bonds may be 
counterintuitive as energy is released upon bond formation, thus the entire photon energy is 
not stored.  
The aqueous two-electron reduction potentials of halogens to halides are well-suited 
for solar energy utilization in photoelectrochemical cells. Their two-electron reduction 
potentials are 1.36 V for Cl2, 1.09 V for Br2, and 0.54 V for I2 vs NHE.98,99 
1.4.2 Halogen Reduction Potentials 
Formal one-electron halogen reduction potentials Eº(X•/–) have only been rigorously 
determined in water.100,101 Among the halide series, iodide has the lowest electron affinity and 
is hence the most easily oxidized. In aqueous solutions the formal reduction potentials of the 
halides follow the periodic trend I < Br ≪ Cl.100,101 Importantly, these one-electron reduction 
potentials are not quantified through standard electrochemical measurements, as only two-
electron transfer processes are observed at metal electrodes.102 This occurs because a single 
electron transfer to a halogen species (X2) is intimately coupled with bond-breaking or bond-
formation chemistry that yields products that undergo a second electron transfer at the 
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applied potential required to initiate the first electron transfer. For this reason, the one-
electron reduction potentials have been estimated through free-energy cycles or extracted 
from kinetic data with application of Marcus theory. The kinetic data in water have often 
been obtained in pulse radiolysis experiments. Unfortunately, due to experimental restrictions 
these experiments are seldom performed in organic solvents and therefore values for one-
electron halogen reduction potentials Eº(X•/–) are extremely scarce in organic solvents.  
1.4.3 Marcus Theory 
Outer sphere bimolecular electron transfer can be described by Marcus theory,103 in 
which many-fold potential surfaces for electron transfer are reduced to two parabolic Gibbs 
free energy surfaces that represent the electron-transfer reactants and products as a function 
of a single reaction coordinate with fixed force constants.103 Quenching constants extracted 
from Stern–Volmer analysis have been related to the underlying electron transfer rate 
constant, if corrected for diffusion and encounter complex formation. A steady-state 
approximation applied to the encounter complex provides Equation 1.15 that relates kq  to kdiff 
and the product of the equilibrium constant for encounter complex formation, KA = k1/k-1 and 
kET.104 Within this encounter complex, the electron transfer occurs by a first-order reaction 
with units of s–1. The units of KA are M–1 and the product KA and kET is referred to as the 
activated rate constant, kact (M–1s–1) as described further by Sutin.104 The solvent is expected 
to play a major role in the electron transfer dynamics, as it will influence diffusion, encounter 









 Equation 1.15 
In a case of non-adiabatic electron transfer, the rate constant for electron transfer is 
described by the semi-classical Marcus expression, Equation 1.16, in which HDA is the 
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electronic coupling matrix, l is the total reorganization energy and DGº is the Gibbs free 









| Equation 1.16 
The electronic matrix element, HDA, describes the mixing of the donor and acceptor 
wave functions at the time of electron transfer.105,106 In bimolecular diffusional electron-
transfer reactions, the coupling within the encounter complex is generally unknown. 
However, increased coupling may be facilitated by electron delocalization into extended π 
systems and by ion pair interactions, which both could lead to increased mixing of 
wavefunctions prior to electron transfer. With a highly polarizable donor like iodide, the 
coupling may be sufficiently strong that the semi-classical relation given in Equation 1.16 is 
no longer valid. Moreover, halides are ambidentate ligands that are known to bridge between 
discrete redox centers and through this mediate the electronic coupling. A classic example of 
this was reported in a seminal study by Henry Taube in 1953 on cobalt and chromium 
complexes, where electron transfer occurred through a proposed bridging chloro-species.107  
The magnitude of the electronic coupling is expected to impact ΔGº, and hence the 
formal reduction potentials for halogen species extracted from kinetic measurements.106  
Strong electronic coupling lowers the Gibbs free energy change for electron transfer, i.e. 
|ΔGºad| < |ΔGº|. Hence, if electronic coupling is sufficiently strong in the encounter complex, 
the free energy change may be significantly different than expected. This in turn would lead 
to incorrect estimations of formal reduction potentials of important halogen species. In 
principle, such errors could be avoided by making certain that the halogen reduction 
potentials measured are insensitive to the nature of the excited state utilized. 
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The reorganization energy, λ, is defined as the free energy necessary for electron 
transfer from the donor to the acceptor without nuclear motion when ΔGº = 0.103,108 The total 
reorganization energy is usually separated into a sum of the inner sphere (bond lengths and 
angles) and outer-sphere (solvent and electrolyte) contributions.109 For the oxidation of halide 
anions to the halogen atom, there are no contributions from the inner-sphere reorganization 
and the total reorganization energy change is determined by the solvent or electrolyte.110 A 
small inner-sphere contribution to the total reorganization energy is expected for MLCT 
excited states for all the transition metal complexes mentioned here. The outer-sphere 
contributions to the reorganization energy in organic solvents can be crudely estimated with 
dielectric continuum theory and values of 1−1.5 eV are typical in organic solvents.  
While the Gibbs’ free energy change for excited-state electron transfer, ΔGº, has been 
investigated by many, it was considered by Rehm and Weller in a highly influential 
study.111,112 This quantity is defined for a mole of generic donors (D) and acceptors (A) that 
can be photoexcited to yield D+ and A– as in Equation 1.17. 
∆𝐺° =	𝑁q~𝑒𝐸°(𝐷-•/𝐷) − 𝐸°(𝐴/𝐴4•) + 𝜔(𝐷-•𝐴4•) − 𝜔(𝐷𝐴) − ∆𝐺AK Equation 1.17 
Here, Eº(D+•/D) – Eº(A/A–•) represents the difference in ground state reduction 
potentials, NA is Avogadro’s constant and e is the elementary charge. It is also common to 
include the free energy stored in the excited state (ΔGES) in the sensitizer reduction potential, 
by way of an excited-state reduction potential. The magnitude of ΔGES is estimated either 
through the photoluminescence onset or through a Franck−Condon line shape analysis of the 
photoluminescence recorded at 77K.113  
The term ω represents the electrostatic work required to bring the two reactants 
together and to separate them after electron transfer. The value of ω is typically estimated 
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through a Coulomb’s law analysis, Equation 1.18 where z is the ionic charge of the reactants 
or products, ε0 is the vacuum permittivity, εr is the dielectric constant of the solvent or 





 Equation 1.18 
The magnitude of the work-term is calculated before and after electron transfer and is 
included in Equation 1.17. The work term is expected to vary with the donor and acceptor 
charge and the dielectric constant of the solvent chosen. Low dielectric solvents are expected 
to have larger contributions of the work term, and if highly charged species are brought 
together in a low dielectric solvent, this could generate a work term large enough that this 
becomes a dominant term in Equation 1.17. 
1.4.4 Latimer Diagrams and Energetics of Halide Oxidation 
The formal reduction potentials of the halogens in organic solutions are far less 
certain than in water, with only a few isolated values available in the literature.84,114,115 The 
most well-established values are for iodine species in CH3CN electrolytes that are commonly 
used in dye-sensitized solar cells. Note that in acetonitrile the iodine formal reduction 
potential is 1.23 V vs NHE, which is 100 mV less positive than the value in water. 
Theoretical calculations indicate that halide charge transfer to water is significant, which 
could account for the more favorable reduction potentials in CH3CN.116,117 However, it 
should be emphasized that halide solvation remains poorly understood and such questions as 
number of coordinating solvent molecules or rate of exchange of ligated solvent molecules 




Figure 1.11. Latimer-type diagram of the formal reduction potentials and equilibrium constants for 
halide species in aqueous solution. Color code is as follows; iodide species (purple), bromide species (red) 
and chloride species (green). Adapted from ref 70.  
The one-electron reduction potentials for Cl2, Br2 and I2 and the 2I–/I2•– potential in 
aqueous solution are given in Figure 1.11. The Eº(X•/–) potentials indicate that strong photo-
oxidants are required for the oxidation of each halide to the halogen atom. A 
thermodynamically less demanding pathway exists that requires direct oxidation of two 
halides to yield X2•–. For example, Eº(I•/–) = 1.33 V vs NHE, whereas Eº(I2•–/2I–) = 1.03 V vs 
NHE. Because the equilibrium constant for Equation 1.19 is large for iodide (Keq = 1.1x 105 
M–1),70 both redox pathways yield the same I2•– product in concentrated iodide solutions, yet 
the initial oxidation of iodide requires an additional 300 meV of free energy. 
I• + 	 I– 	⇌ 	 I2•– Equation 1.19 
Kinetic evidence of a concerted mechanism, in which an iodide is oxidized and the 
following bond formation to yield the I2•– product occurs in a single step exists in the 
stopped-flow literature.118–121 However, up until this point, no strong spectroscopic evidence 
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has been presented to show the simultaneous kinetic resolution of an electron transfer and 
bond formation event. Access to the concerted mechanism represents an obvious goal for 
solar energy conversion, as weaker photo-oxidants that absorb a greater fraction of the solar 
spectrum could be employed and excited-states that directly drive the formation of covalent 
bonds could be designed.  
As shown in Figure 1.11, formation of an iodine atom requires about 300 meV more 
free energy than does the concerted formation of I2•–. Hence when a weak oxidant S+ with a 
potential <E°(I•/I–) = 1.23 V rapidly oxidizes iodide and/or gives rise to quantitative 
photocurrents in a DSSC, it is tempting to conclude that the regeneration occurs by the 
concerted mechanism. The potential flaw in such reasoning is that I– oxidation may occur by 
inner-sphere electron-transfer pathway with such strong mixing of the I– and S+ wave 
functions that adiabatic electron transfer occurs with a smaller free energy change. Iodide 
with its diffuse electron cloud is expected to promote electronic coupling at longer distances 
than the other halides. Kinetic evidence for such adiabatic electron transfer from iodide to 
charge-transfer excited states in fluid solution has been reported. Rate constants approaching 
the diffusion limit have been measured even when ΔG° = 0.122 Hence thermodynamically 
unfavored reactions based on formal reduction potentials under standard conditions do not 
necessarily exclude the possibility of rapid adiabatic reactivity, particularly with iodide. 
A strategy that has been employed herein to overcome the statistical improbability of 
three species coming together in solution for concerted I-I bond formation, is to pre-arrange a 
transition metal complex with two iodide ions in the ground state. In order to realize this, 
complexes that associate with halides are required and methods to evaluate such anion 
coordination or ion-pairing will be discussed in the following section.  
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1.5 Ion Pairing 
1.5.1 Definitions and Background  
Ion pairs are often divided into two classes: “contact” or “solvent-separated” ion 
pairs.123 A contact ion pair, also referred to as a tight or intimate ion pair, is defined as an ion 
pair with no solvent molecules located between the ions, as opposed to a solvent-separated 
ion pair where solvent molecules are located between the ions (Figure 1.12).123 The 
electronic coupling between the ions is expected to be smaller for solvent-separated ion pairs 
than for contact ion pairs. 
 
Figure 1.12. Contact ion pair (left) vs solvent separated ion pair (right). 
Both molecular design and solvent permittivity will influence the strength of ion 
pairing. There are many examples of anion receptors that are designed with cavities that 
precisely complement the size of the anion they are intended to bind, a classic example is 
macrotricyclic quaternary ammonium hosts that bind iodide anions.124 Furthermore, both 
hydrogen bonding and electrostatic interactions have been invoked to increase the selectivity 
for anion binding in a number of different solvents.117,124 The importance of solvent effects 
on ion pairing has also been investigated and for example in a large-scale study by Flood et. 
al. a strong dependence on 1/er was determined for ion pairing effects in organic, non-polar 
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solvents.116 They determined that electrostatic interactions were the main contributing factor 
for favorable interactions in ion pairs in solvents with er< 21.01 (acetone). 
Conversely, ion pairing can have a tremendous influence on the reaction mechanism 
such as excited-state quenching of [Ru(bpy)2(deeb)]2+* by iodide in acetonitrile (ε » 38) 
which was exclusively dynamic in nature, while static electron transfer was dominant in 
dichloromethane (ε  » 9).125,126  
1.5.1 Techniques to Evaluate Ion pairing 
Common techniques to investigate the nature of ion pairs, which are encompassed in 
the broader context of host−guest chemistry, are NMR, UV−visible, and photoluminescence 
spectroscopy.116,117,123,124,127  
In a representative study to quantify ion pair structures without excited-state 
reactivity, Ward et al. utilized chloride as a redox “innocent” ion, as its highly positive 
reduction potential precluded excited-state electron transfer with the ruthenium complexes 
studied.128 Shifts in the 1H NMR spectra were observed upon chloride addition, which 
indicated ion-pairing at specific sites. It was concluded that synthetic engineering of ligands 
could be used to promote ion pairing at specific locations.  
Recently, [Ru(dtb)2(dea)]2+, where dtb is 4,4′-di-tert-butyl-2,2′-bipyridine and dea is 
4,4′-diethanolamide-2,2′-bipyridine, was reported.129 The dea ligand was specially designed 
to favor interactions with halides and was indeed shown to form 1:1 adducts with chloride, 
bromide, and iodide in both acetonitrile and dichloromethane. The stoichiometry and the 
position of ion pairing was identified through 1H NMR spectroscopy and Job plots.  
The addition of one equivalent of chloride to [Ru(dtb)2(dea)]2+ in dichloromethane 
solution resulted in a 100% increase of the PL quantum yield. This increase was also 
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accompanied by a blue-shift in the PL spectra and an increase in the excited-state lifetime. 
The addition of one equivalent of iodide also enhanced the excited state lifetime, but to a 
lesser extent. More interestingly, the further addition of iodide caused drastic excited-state 
quenching. Steady-state and time-resolved experiments showed that this quenching process 
was solely dynamic in nature, as evidenced by the corresponding Stern−Volmer plots. The 
excited-state quenching rate constant by iodide was 2.7 x 1010 M–1s–1. A blue-shift 
accompanied the increased PLI observed in the 1:1 halide adducts that corresponded to about 
a 60 meV increase in the free energy of the excited state. Yet, this increase alone could not 
account for the tremendous increase in excited-state quenching in the 1:1 ion pair. Several 
excited-state quenching mechanisms were considered to understand how iodide first 
enhanced the excited-state PL and lifetime, only to then quench at higher iodide 
concentrations.  
These mechanisms considered were: (A) a mechanism in which electron transfer and 
I−I bond formation occurred in one concerted step, (B) a dynamic quenching of the excited-
state by iodide, and (C, D) dynamic quenching of the halide−ion paired complex, Figure 
1.13. Mechanism A was disproved as the formation of I2•–, measured by transient absorption, 
was delayed compared to the formation of the monoreduced complex. The second 
mechanism was also disregarded, as there was no evidence for excited-state quenching in the 
absence of an ion pair. Indeed, experiment performed in the presence of TBAClO4 showed no 
evidence for excited-state quenching. The excited-state quenching by iodide occurred with 
the same quenching rate constant when {[Ru(dtb)2(dea)]2+, Cl–}+ was initially formed by the 




Figure 1.13. Plausible dynamic quenching of [Ru(dtb)2(dea)]2+* by iodide. The presence of the electron on 
the ion-pairing dea ligand in [Ru(dtb)2(dea)]2+* is emphasized by the orange colored bipyridine. Purple 
spheres represent iodine species whereas green spheres represent chloride. The ancillary dtb ligands are 
omitted for clarity. 
A Debye−Hückel analysis, was very informative and showed that the excited-state 
electron transfer followed the formation of a monocationic excited-state, i.e. 
{[Ru(dtb)2(dea)]2+, Cl–}+. These data hence indicated that mechanisms C and D were 
operative, where the excited-state ion-paired complex was dynamically quenched by iodide 
in a two-step mechanism. It was concluded that coordination of I− (or Cl−) by the dea ligand 
was kinetically fast relative to halide photo-oxidation. Once the iodide was coordinated to 
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dea, it appeared inert to excited-state oxidation, possibly due to being thermodynamically 
uphill to oxidize.129 
1.5.1.1 UV-visible Spectroscopy  
UV–visible spectroscopy is informative on ion pairing in many of the studies 
presented in the following chapters. It is a remarkably sensitive technique that reports on 
halide association with the ground state even at very low halide concentrations (µM). The 
occurrence of isosbestic points indicate the clean conversion of one species to another, and 
two separate sets of isosbestic points indicate two separate ion-pairing events. The changes in 
a UV-visible spectrum upon titration can be modeled as an isotherm, as was described by 
Benesi and Hildebrand, to provide an equilibrium constant, Keq.130  
1.5.1.2 NMR spectroscopy 
NMR spectroscopy is a powerful tool to evaluate ion pairing as it lends atomic 
resolution to the ion-pair, which aids in the design of molecules for improved ion-pairing. In 
polypyridyl complexes, interactions between the halides and the most acidic hydrogen atoms, 
3,3’, on the bipyridine ligands have been observed in several cases where ion pairing have 
been investigated.128,131 The downfield shifts of the hydrogen atoms on the bipyridine ligands 
were rationalized by hydrogen bonding between a halide anion and the hydrogen atoms. 
Elongation of the C−H bond, from interactions with a halide ion is expected to induce a shift 
of the 1H NMR resonance, by making the bond more polarized. 
Job plots have been constructed from the NMR spectra, which help determine the 
stoichiometry of ion pairs.132 These are of importance as the inflection point informs on the 




1.5.1.3 Density Functional Theory 
Work term calculations have been used in attempts to model the work associated with 
ion pairing transition metal complexes and halide anions. Natural population analysis and 
density functional theory allowed assignment of partial charges to each atom of a transition 
metal complex. With this, the Coulombic charge interaction between the complex and a 
halide could be calculated at any distance. Contour plots were introduced to show the 
calculated stabilization energy at van der Waals distances between binding pockets and 
halides.129  
 
Figure 1.14. Contour plots describing the Coulombic free energy in eV, over the plane containing the dea 
ligand in the absence (A), and presence (B), of the chloride ion pair. All atoms within 1 Å of this plane are 
shown as small colored dots. The dea ligand is superimposed in white. 
In the example with [Ru(dtb)2(dea)]2+, the calculation resulted in a 500 meV 
Coulombic incentive for the halide to ion pair with the dea ligand, Figure 1.14. This 500 
meV stabilization represented a considerable decrease in the reaction driving force that 
would inhibit static excited-state electron transfer, leading instead to dynamic excited-state 
quenching of the ion-paired complex by iodide in solution. 
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1.5.2 Thermodynamic Considerations of Ion Pairing 
Overall, solvation of halide anions in organic solvents remains poorly understood. 
Such details as the number of solvent molecules coordinated to the halide ions are unknown, 
as well as the degree of stabilization the halide experiences within that solvent shell. 
However, with appropriately designed ligands, large equilibrium constants have been 
achieved, in particular in lower dielectric solvents such as CH2Cl2. Calculations of the 
equilibrium constants (>106 M–1) for [Ru(dtb)2(dea)]2+ with the halides, for example 
indicated that the free energy released upon ion pairing was in excess of 34 kJ/mol.129 
Furthermore, with charged ligands, significant ion pairing has even been achieved in higher 
polarity solvents such as acetonitrile (Keq » 4x103 M–1), with significant stabilization of ~20 
kJ/mol.133  
1.6 Conclusions  
Hydrohalic acids and halides offer a possible approach to generate solar fuels, a small 
step towards the global endeavor to achieve the goals set out in the Paris agreement. The rich 
halogen solution chemistry and the indications, from known iodide reduction potentials, that 
oxidation is less thermodynamically demanding in organic solvents offers exciting 
opportunities. Nevertheless, additional studies comparing the halogen reduction potentials 
are required to fully characterize them in organic solvents.  
When halide anions are paired with appropriate transition metal complexes that can 
efficiently split HX in sunlight, these molecular sensitizers can be used to directly generate 
solar fuels in renewable energy technologies. Here, such transition metal complexes were 
designed to promote association with halide ions in solution in order to attempt to promote 
more efficient halide oxidation mechanisms. This dissertation aims to discuss and develop 
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how such ground-state association may influence photochemical and photophysical 
properties. Furthermore, discussion on how complexes can be tuned to oxidize chloride or 
iodide, and how association may influence the halide oxidation mechanisms will be 
discussed. Finally, a change in the metal center and the excited state dipole orientation and 
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 Photophysical Properties of Tetra-Cationic Ruthenium Complexes and their 
Ter-Ionic Assemblies with Chloride2 
2.1 Introduction 
In his 1987 Noble laureate lecture, Jean-Marie Lehn described the field of 
supramolecular chemistry as “chemistry beyond the molecule, bearing on the organized 
entities of higher complexity that result from the association of two or more chemical species 
held together by intermolecular forces”.1 One of the benefits of supramolecular chemistry is 
the relative ease with which subtle changes in the molecular assembly can be introduced that 
lead to dramatic changes in their photophysical, electrochemical, and catalytic properties. 
These properties depend on the supramolecular assembly as a whole, and not the individual 
entities. Supramolecular assemblies are well defined units assembled by non-covalent bonds. 
Classical examples include host–guest chemistry in cyclodextrins,2–4 the “lock and key 
principle”,5,6 crown-ethers,7–9 cryptands and azacryptands,10–17 and calixarenes.11,12,17–23 
Supramolecular chemistry has also been commonly used in chromatography,24 catalysis25,26 
and solar cells.27,28 
In devices that employ charged redox mediators, such as dye-sensitized solar cells, 
these supramolecular assemblies are often associated “ion-pairs”. Indeed, ion-pairs between 
ruthenium polypyridyl complexes and an iodide redox mediator or a cobalt complex have 
2 This chapter was previously published in Inorganic Chemistry with contributions from L. Troian-Gautier, S. 
A. M. Wehlin and G. J. Meyer. Reprinted with permission. Copyright 2018 American Chemical Society.
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been reported.27,28 For example, the formation of ground-state ion-pairs between hexacationic 
ruthenium(II) complexes and anionic cobalt mediators resulted in electron injection in TiO2 
and dye regeneration that occurred within the nanosecond instrument response time.27 Strong 
ion-pair formation was achieved through the use of the dicationic ancillary tmam ligands, 
where tmam is 4,4’-bis(trimethylaminomethyl)-2,2’-bipyridine. This same tmam ligand was 
used for ion-pairing in this study as well. Similar cationic ligands bearing ammonium groups 
were reported recently,29 and coordination complexes based on them have been employed for 
applications such as lysosome-localized photosensitizers for therapeutic agents,30 and DNA 
binding in other biomedical applications,31–36 and as electro-chemiluminescent 
compounds.37,38 The tmam ligand, in particular, has also been shown to promote iodide 
binding in acetonitrile solution,39 where ruthenium(II) tmam complexes bearing overall 
charges of 4+, 6+ and 8+ were used. Furthermore, excited-state oxidation of halides by a 
dynamic mechanism has been reported under conditions of very little or no thermodynamic 
driving force.40–42 A supramolecular approach in excited-state chemistry offers a number of 
ways to control, improve and direct the reactivity.40–45 
Common to these applications of supramolecular chemistry is the requirement that 
ion-pairing induces a significant change in the photophysical properties of the transition 
metal complex. Photoluminescence quenching is a common effect occurring with the 
addition of redox active anions, either through electron or energy transfer or by activating 
some other nonradiative decay pathway.46 Contrary to this expectation, the complexes 
reported here displayed photoluminescence intensities that drastically increased with anion 
addition. This was accompanied by a decreased nonradiative and increased radiative rate 
constant. We report herein a detailed, systematic study of the supramolecular assemblies of 
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seven tetracationic ruthenium sensitizers with chloride. The ruthenium(II) complexes all 
shared a common tmam ligand while the ancillary ligands were modified to tune the excited-
state properties as well as solubility. Contrary to previous work performed in acetonitrile 
where a 1:1 stoichiometry with iodide was reported,39 the data collected in acetone for the 
seven complexes suggested the formation of ion pairs with a 1:2 stoichiometry with chloride. 
The present work is relevant for the design of ruthenium sensitizers for solar energy 
conversion and halide transport in biological systems. 
 
Figure 2.1. Structures of the seven ruthenium(II) complexes included in this study. All complexes shared 
a common 4,4’-bis(trimethylaminomethyl)-2,2’-bipyridine (tmam) ligand introduced for ion-pairing 
purposes while the ancillary ligands helped tune the photophysical and photochemical properties of the 
ruthenium(II) complexes.  
2.2 Results 
2.2.1 Synthesis 
The synthesis of the seven [Ru(LL)2(tmam)][PF6–]4 complexes, where tmam was 
4,4’-bis(trimethylaminomethyl)-2,2’-bipyridine and LL was 2,2’-bipyrazine (bpz), 2,2’-
bipyridine (bpy), 4,4’-tert-butyl-2,2’-bipyridine (dtb), 4,4’-dimethyl-2,2’-bipyridine (4,4’-


















































































4,4’-methoxy-2,2’-bipyridine (MeO) respectively (Figure 2.1), was achieved via the 
common [Ru(p-cymene)(tmam)(Cl)].(Cl)[PF6]2 precursor.39 The reactions were carried out in 
ethanol in the presence of silver nitrate and two equivalents of the ancillary ligands under 
microwave irradiation for 20 minutes. The final products were obtained after size exclusion 
column chromatography and were isolated as the hexafluorophospate ([PF6]–) salts after ion 
metathesis. 
2.2.2 Photophysical, Photochemical, and Electrochemical Characterization 
 
Figure 2.2. Ground state absorption and corresponding photoluminescence spectra for 
[Ru(bpz)2(tmam)]4+ (black), [Ru(bpy)2(tmam)]4+ (red), [Ru(dtb)2(tmam]4+ (blue), [Ru(4,4’-
dmb)2(tmam)]4+ (pink), [Ru(5,5’-dmb)2(tmam)]4+ (orange), [Ru(nonyl)2(tmam)]4+ (green) and 
[Ru(MeO)2(tmam)]4+ (yellow) in acetone.  
The photophysical properties of all seven complexes were characterized in water 
(H2O), acetonitrile (CH3CN), methanol (MeOH), acetone (DMK) and dichloromethane 
(DCM) under an argon atmosphere. The dielectric constants of the five different solvents 
varied from 80.1 (H2O) to 8.93 (DCM). The ground state absorption spectra for the seven 
complexes displayed absorption features characteristic of ruthenium polypyridyl complexes, 
































































i.e. intense absorption bands between 400 and 550 nm with values of molar absorption 
coefficients, e, that ranged between 10,300 to 14,400 M–1 cm–1, Figure 2.2. 
These visible absorption bands were assigned as metal-to-ligand charge-transfer 
(MLCT) transitions based on previous assignments of similar ruthenium polypyridyl 
complexes.47 Additional absorptions bands were observed between 200 and 300 nm in 
solvents that had transmittance at these wavelengths, which were assigned as ligand centered 
(LC) π → π* transitions. These absorption values and their corresponding molar absorption 
coefficients are gathered in Table 2.1. 
Table 2.1. Photophysicalproperties of the indicated complexes recorded under argon in acetone solutions.  
Complex MLCT (nm) e (M-1 cm-1) PLmax (nm) τ (ns) 
[Ru(bpz)2(tmam)]4+ 450 12,600 640 1590 
[Ru(bpy)2(tmam)]4+ 453 14,400 660 700 
[Ru(dtb)2(tmam)]4+ 480 12,750 680 450 
[Ru(4,4’-dmb)2(tmam)]4+ 450 11,650 685 460 
[Ru(5,5’-dmb)2(tmam)]4+ 475 10,900 677 560 
[Ru(nonyl)2(tmam)]4+ 450 14,250 685 420 
[Ru(MeO)2(tmam)]4+ 490 10,300 710 190 
aThe counterion for all complexes are [PF6]–. Photophysical properties in other solvents are 
summarized in the additional content (Section 2.6.13, Tables 2.5-2.9). 
Room temperature excitation of the MLCT transitions resulted in broad 
photoluminescence (PL) spectra (Figure 2.2). The PL maxima varied over a range of 70 nm, 
or 190 meV, between the different complexes. The PL maxima shifted to lower energy (red-
shifted) in more polar solvents, with shifts spanning 39−114 meV. Time-resolved PL data 
were well described by a single exponential for all complexes in all solvents. The excited-
state lifetimes, τ0, ranged from 1.5 µs for [Ru(bpz)2(tmam)]4+ in acetone to 60 ns for 
[Ru(MeO)2(tmam)]4+ in water. Quantum yields were measured by the optically dilute method 
using [Ru(bpy)3]2+ in acetonitrile (F = 0.062) as a standard.48 The quantum yields ranged 
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from 1 to 8 % in the different solvents investigated, with the highest quantum yields 
generally being recorded in DCM. Values of quantum yields, PL shifts and excited-state 
lifetimes are tabulated in Section 2.6.13 (Tables 2.5-2.9).  
 
Figure 2.3. Steady-state photoluminescence of [Ru(bpz)2(tmam)]4+ (black), [Ru(bpy)2(tmam)]4+ (red), 
[Ru(dtb)2(tmam]4+ (blue), [Ru(4,4’-dmb)2(tmam)]4+ (pink), [Ru(5,5’-dmb)2(tmam)]4+ (orange), 
[Ru(nonyl)2(tmam)]4+ (green) and [Ru(MeO)2(tmam)]4+ (yellow) recorded in frozen 4:1 ethanol/methanol 
or BuCN glass at 77K. Overlaid in dashed blue are calculated fits from a single mode FC line shape 
analysis. 
The steady-state PL spectra were also recorded at 77 K in 4:1 ethanol/methanol 
mixture or BuCN glasses (Figure 2.3), depending on the complex solubility in the respective 
solvents. The PL maxima at this temperature ranged from 659 nm to 593 nm, which 
corresponds to a shift of approximately 200 meV. The corrected PL spectra showed the 
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In this equation, nm is the vibrational quantum number for the medium frequency 
acceptor mode, SM is the Huang-Rhys factor, also known as the coupling factor and is a 
measure of the geometric distortion between the ground and excited states, Δν1/2 is the full-
width at half-maximum of the transition, ℏwm corresponds to the vibrational energy spacing 
in the ground-state potential energy surface and E0 corresponds to the energy difference 
between the ground and the luminescent MLCT excited-state from which the free energy of 
the excited state was calculated, ΔGES.40 The spectra were fit according to the same method 
outlined in previous publications.50–53 The values extracted from fits of the 77 K PL 
measurements using Equation 2.1 are gathered in Table 2.2. It is worth noting that the values 
obtained for the medium frequency acceptor modes were all very similar and that the SM 
values extracted trend with the E0 values obtained.50,54 
Table 2.2. Fitting parameters obtained from Franck-Condon line shape analysis of the PL spectra 
Complex ℏwm (cm-1) E0 (cm-1) SM ∆ν1/2 (cm-1) 
[Ru(bpz)2(tmam)]4+ 1,260 16,830 0.82 960 
[Ru(bpy)2(tmam)]4+ 1,270 16,280 0.83 1,120 
[Ru(4,4’-dmb)2(tmam)]4+ 1,260 16,280 0.80 1,000 
[Ru(dtb)2(tmam)]4+ 1,280 15,930 0.79 1,030 
[Ru(5,5’-dmb)2(tmam)]4+ 1,250 15,920 0.75 1,000 
[Ru(nonyl)2(tmam)]4+ 1,260 15,830 0.75 1,050 
[Ru(MeO)2(tmam)]4+ 1,370 15,170 0.73 1,180 
The radiative rate constants were plotted against the cube of the PLmax, the maximum 
wavelength of the PL converted to eV, according to Equation 2.2. This equation also details 
the relationship with the transition moment integral, µ, where e0 is the permittivity of free 
space and c is the speed of light.55,56 Overall, the trend is linear for the radiative rate constant 
with the cube of the PLmax for these complexes, with [Ru(bpz)2(tmam)]4+ displaying different 
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Figure 2.4. a) The radiative rate constants measured in dichloromethane, acetone, methanol, acetonitrile 
and water as a function of the cube of the PL maxima (eV3). b) The natural logarithm of the nonradiative 
rate constant measured in dichloromethane, acetone, methanol, acetonitrile and water as function of the 
PL maxima (eV). In both graphs rate constants are color coded accordingly; [Ru(bpz)2(tmam)]4+ (black), 
[Ru(bpy)2(tmam)]4+ (red), [Ru(dtb)2(tmam]4+ (blue), [Ru(4,4’-dmb)2(tmam)]4+ (pink), [Ru(5,5’-
dmb)2(tmam)]4+ (orange), [Ru(nonyl)2(tmam)]4+ (green) and [Ru(MeO)2(tmam)]4+ (yellow). See additional 
information for tabulated values (Tables 2.5-2.9). 
A plot of the natural logarithm of the non-radiative decay constant (ln knr) against the 
PLmax was linear for all seven complexes, in accordance with Equation 2.3. Here SM is the 
Huang–Rhys factor and wm is vibrational energy spacing, as described above. C is a 
collection of other terms and g0 is defined further in Equation 2.3.55,56 The non-radiative rate 
constants in water resulted in a linear relationship that was offset above the trend for the 
organic solvents (Figure 2.4b). The nonradiative rate constant of [Ru(bpz)2(tmam)]4+ in DCM 
was found to be higher than expected, which is represented by the data-point which is offset 
from the rest in the plot.  
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(V vs NHE) 
Ru4+*/3+ 
(V vs NHE) 
RuIII/II 
(V vs NHE) 
[Ru(bpz)2(tmam)]4+a 2.09 -0.50 1.59 2.10 
[Ru(bpy)2(tmam)]4+a 2.02 ~ -0.80c 1.2d 1.59 
[Ru(4,4’-dmb)2(tmam)]4+a 2.02 ~ -0.86c 1.2d 1.55 
[Ru(dtb)2(tmam)]4+b 1.97 ~ -0.77c 1.2d 1.60 
[Ru(5,5’-dmb)2(tmam)]4+a 1.97 ~ -0.81c 1.2d 1.57 
[Ru(nonyl)2(tmam)]4+a 1.96 ~ -0.80c 1.2d 1.50 
[Ru(MeO)2(tmam)]4+b 1.88 ~ -0.76c 1.1d 1.40 
aMeasured in 0.1 TBAPF6 acetonitrile electrolyte. bMeasured in 0.1 M TBAPF6 acetone 
electrolyte. cElectrochemically irreversible peak. dThe approximate value of the reduction 
potentials due irreversible redoxchemistry introduces significant uncertainty into the tabulated 
excited-state reduction potentials. 
Electrochemical characterization was performed in 0.1 M tetrabutylammonium 
hexafluorophosphate (TBAPF6) acetone or acetonitrile electrolyte, using 
decamethylferrocene (+243 mV vs NHE)57 or ferrocene (+630 mV vs NHE)58 as an external 
reference for all complexes. The RuIII/II reduction potential shifted positive with the electron 
withdrawing ancillary ligand bpz and [Ru(bpz)2(tmam)]4+ had the most positive RuIII/II redox 
potential of 2.10 V vs NHE. The complexes with the bpy, 4,4’-dmb, 5,5’-dmb and dtb 
ancillary ligands all exhibited similar RuIII/II redox potential. A small shift to less positive 
values in the RuIII/II values were observed for complexes with more donating ligands, such as 
nonyl and MeO. With [Ru(bpz)2(tmam)]4+, a reversible first reduction at -0.50 V vs NHE was 
measured and assigned as the first ligand reduction. However, scanning further reductively 
revealed a broad, irreversible peak and led to discoloration of the working electrode. A similar 
broad, irreversible reduction wave was observed for all other complexes at approximately the 
same potential (~ –0.8 V vs NHE), with the same discoloration of the working electrode after 
applying reducing voltages. This was true in both acetone and acetonitrile electrolytes. The 
nature of the adsorption was not examined, as such irreversible behavior has been previously 
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reported for similar compounds.59 The potential associated with this irreversible reduction peak 
was used to estimate the first ligand reduction. All relevant potentials are summarized in Table 
2.3 and excited-state potentials were calculated (Equation 2.4) using the ground state first 
reduction and the excited-state free energy (DGES). 
𝐸°	(𝑅𝑢Ç-∗/*-) 	= 	𝐸°(𝑅𝑢Ç-/*-) 	+ 	∆𝐺AK Equation 2.4 
2.2.3 Chloride Ion Pairing in Acetone 
In acetone, the UV–visible absorption spectra of all the complexes were sensitive to 
the presence of tetrabutylammonium chloride (TBACl). The MLCT absorption sharpened 
and increased in intensity with increased TBACl concentration. The changes to the MLCT 
saturated beyond two equivalents of chloride. In the case of [Ru(bpz)2(tmam)]4+, the MLCT 
was observed to red-shift. A typical example for [Ru(4,4’-dmb)2(tmam)]4+ is represented in 
Figure 2.5a while UV-Vis titrations for the other complexes are gathered in Section 2.6.14 
(Figures 2.9-2.14). 
 
Figure 2.5. a) Absorption spectra of [Ru(4,4’-dmb)2(tmam)]4+ upon titration of chloride from 1 to 4.6 
equivalents in acetone. Inset shows the difference between the spectra after each addition of chloride and 
the initial spectrum. b) 1H NMR titration of [Ru(4,4’-dmb)2(tmam)]4+ with chloride in d6-acetone. The 
black spectrum shows the 1H NMR of the [PF6]– complex in d6-acetone and the circles show the shifts of 
the peaks upon chloride addition in 0.25 equivalents additions up to 2 equivalents. 
Chloride titrations with a 1H NMR assay were performed for each of the complexes in 
deuterated acetone using 0.25 equivalent increments of TBACl. In all cases, large downfield 
shifts (~1 Δppm) were observed for the 3,3’ H atoms of the tmam ligand as well as for the 




































methylene linker resonances in the 1H NMR spectra. A typical example for [Ru(4,4’-
dmb)2(tmam)]4+ is presented in Figure 2.5b while 1H NMR titrations for the other complexes 
are gathered in Section 2.6.15 (Figures 2.15-2.20). Upon chloride binding, the methylene 
protons resolved into a roofed doublet due to their enantiotopic nature, as has been 
previously shown in with complexes bearing the tmam ligand.39,42,60 The atomic resolution 
of 1H NMR allowed for the determination of the tmam ligand as the primary binding 
“pocket”, but spectral shifts associated with the 5, 5’ and 6, 6’ proton resonances on the 
tmam and 6 and 5 proton resonances on the ancillary ligands, indicated a second binding site 
near the metal center of all seven complexes.  
The UV-Vis spectra measured during chloride titrations were used to estimate the ion 
pair equilibrium constants. The data were fit to an expression describing a 1:2 ion-pair, as the 
absorption increases could not be satisfactorily fit by a 1:1 binding model and the 1H NMR 
data indicated two different binding sites in the complexes. Both equilibrium constants were 
found to be relatively large for all complexes, spanning between 103 and 106 M–1 (Table 2.4). 
Table 2.4. Equilibrium constants for chloride ion pairing in acetone 
Complex 
UV vis 
K1 (M–1) K2 (M–1) 
[Ru(bpz)2(tmam)]4+ 5±1 x105 4±1 x103 
[Ru(bpy)2(tmam)]4+ 7±1 x104 5±1 x104 
[Ru(dtb)2(tmam)]4+ 1.3±0.8 x 106 3±1 x104 
[Ru(4,4’dmb)2(tmam)]4+ 5±1 x104 1.0±0.5 x104 
[Ru(5,5’dmb)2(tmam)]4+ 2±1 x105 1.0±0.4 x105 
[Ru(nonyl)2(tmam)]4+ 2.4±0.8 x105 5.0±0.7 x104 
[Ru(MeO)2(tmam)]4+ 5.1±0.4 x105 7.1±0.3 x103 
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2.2.4 Chloride Ion Pairing Effects on Excited States 
Addition of chloride to solutions of the [PF6]– complexes affected the excited-state 
photophysical properties. As it has been previously reported that [Ru(bpz)2(tmam)]4+oxidizes 
chloride in acetone,42 this complex will be further discussed in Chapter 3. Considering the 
other complexes, ion-pairing with chloride lead to both hypsochromic shifts (blue-shifts) in 
the excited state and greater PL quantum yields. The blue-shift corresponded to an increased 
energy gap, which ranged between 30 and 40 meV for each complex. The corresponding 
excited-state lifetimes also increased with the chloride addition. The quantum yield increase 
ranged between 31% for [Ru(bpy)2(tmam)]4+ and 73% for [Ru(nonyl)2(tmam)]4+, while the 
excited-state lifetimes increases ranged from 11% for [Ru(MeO)2(tmam)]4+  to 38% for 
[Ru(nonyl)2(tmam)]4+. Figure 2.6a shows the steady-state and time-resolved PL data for 
[Ru(nonyl)2(tmam)]4+ with TBACl. The increase in PL intensity saturated with the same 
number of chloride equivalents as did the changes in UV–Vis absorption spectra, which was 
observed to be the case for the other complexes as well. During all measurements, care was 
taken to excite the complexes at an isosbestic point, so that the fraction of absorbed light 
remained constant throughout the titration.  
The quantum yield, ФPL, kr, and knr, divided by their initial values, Figure 2.6b, 
showed the overall increase in ФPL with the addition of chloride. Interestingly, the data shows 
that both a decrease in the knr and an increase in kr accompanied chloride ion pair formation.  
60 
Figure 2.6. a) Time-resolved PL decays of [Ru(nonyl)2(tmam)]4+* (10µM) with the addition of up to 4.9 
equiv of TBACl. Inset shows the corresponding steady-state PL spectra with the addition of 4.9 equiv of 
TBACl. b) Ratios of the quantum yields (f), kr, and knr for 10 µM [Ru(nonyl)2(tmam)]4+ with the indicated 
TBACl concentration in acetone. c) Time-resolved PL decays of [Ru(bpy)2(tmam)]4+* (10µM) with the 
addition of up to 8.5 equiv of TBACl. Inset shows the corresponding steady-state PL spectra with the 
addition of 8.5 equiv of TBACl. d) Ratios of the quantum yields (f), kr, and knr for 10 µM 
[Ru(bpy)2(tmam)]4+ with the indicated TBACl concentration in acetone. 
The [Ru(bpy)2(tmam)]4+* excited state exhibited curious behavior at chloride 
equivalents exceeding 2, compared to the other complexes. Initially, the same blue-shift and 
increase in PLI and lifetime were observed in the PL spectra (Figure 2.6c, blue traces), as 
well as similar trends in the ratios of the ФPL, kr, and knr (Figure 2.6d). However, when the 
number of chloride equivalents exceeded 2, the PL intensity decreased, with no further 
spectral shifts. This was accompanied by a decreased lifetime (Figure 2.6c, red traces). The 




























































































decrease in ФPL was reflected in the ratios in Figure 2.6d and was attributed to a dramatic 
increase in the knr values.  
 
Figure 2.7. a) The radiative rate constants measured for the [PF6]– complexes, {Ru4+, 4PF6–} and the ion-
paired complexes, {Ru4+:2Cl–}, in acetone as a function of the PL maxima (eV). b) The natural logarithm 
of the nonradiative rate constants measured for the [PF6]– complexes, {Ru4+, 4PF6–} and the ion-paired 
complexes, {Ru4+:2Cl–}, in acetone as function of the PL maxima (eV). Values are tabulated in Tables 2.6 
and 2.10 in the Section 2.6.13. 
The increase in the energy gap, as observed by the blue-shift, was accompanied by 
slower excited-state decay. Similar to the solvent dependency of kr and knr (Figure 2.4), 
Figures 2.7a,b demonstrate the same relationship for the chloride ion paired complexes. 
Worth noting is that both plots generally show linear trends and that the slopes remain 
moderately similar between the [PF6]– complexes and the ion pairs. In Figure 2.7b, the slopes 
for the linear fit of both the [PF6]– and the ion paired complexes resulted in slopes of –9.2 
and –12.0 eV–1, respectively. 
2.3 Discussion 
A series of ruthenium(II) complexes bearing a dicationic ligand designed for 
supramolecular interactions with halides such as chloride and different ancillary ligands that 
tune the photophysical properties of the resulting complexes have been successfully 
synthesized using one common intermediate, i.e. [Ru(p-cymene)(tmam)(Cl)](Cl)[PF6]2 
a) b)









































precursor. The spectroscopic data were consistent with formation of 1:2 ter-ionic ion-pairs 
with chloride in acetone, the structures of which will be discussed. The chloride ion-pairs 
showed a remarkable increase in PL quantum yield for dialkyl-bipyridine complexes that was 
absent for the bpy and bpz complexes.  
2.3.1 Photophysical Scheme of the Seven Ru(II)-Tmam Complexes 
The complexes all exhibited photophysical behavior in agreement with the thoroughly 
characterized electronic states of ruthenium polypyridyl complexes.47,61–65 All seven 
complexes exhibited classical MLCT absorption features centered between 400 and 500 nm, 
with a red-shift in absorption for complexes bearing more electron-donating ligands. The PL 
maximum was directly correlated to the excited-state lifetime in accordance with the energy 
gap as formulated by Jortner et. al.66 Essentially, as more electron donating ligands are 
introduced to the complexes, the energy gap between the excited state and the ground state 
decreased, with an exponential increase in the nonradiative rate constant, knr, and hence a 
decreased excited-state lifetime. 
The electrochemical measurements were complicated by a clear discoloration of the 
electrode observed after the first reduction for all complexes, except [Ru(bpz)2(tmam)]4+. 
This discoloration was attributed to decomposition of the tmam ligand.37,38,59,67 Nonetheless, 
considering the potential onset of the first reduction and the irreversibility, it was concluded 
that the first reduction occurred on the tmam ligand and that the excited-state electron 
localized on this ligand as well. However, in the case of [Ru(bpz)2(tmam)]4+, a reversible 
reduction was observed at a ~260 mV more positive potential which indicated that one of the 




The decomposition of the reduced species was further investigated by steady-state 
photolysis experiments with sacrificial electron donors and resulted in a loss of the 
CH2(N+(CH3)3) 1H NMR spectral signature after 4 hours (Figure 2.21). It was concluded 
from comparative 1H NMR spectra that the tmam ligand had decomposed and formed a 4,4’-
dimethyl-2,2’-bipyridine (4,4’-dmb) ligand, which was in agreement with a decomposition 
pathway via an aryl radical.68–72 
Upon light excitation, the initial Franck–Condon transition of ruthenium polypyridyl 
complexes located the charge in a 1MLCT state, which rapidly underwent intersystem 
crossing to the 3MLCT state.62,64,73–76 There is another state that should be taken into account 
for these complexes, a 3MC (metal-centered) state, also known as the ligand field (LF) 
state.62,77,78 It is from this 3MC state, which is antibonding with respect to metal–ligand 
bonds, that photochemical loss of ligands occurs. Depending on the energy of this state 
relative to the 3MLCT state, it may be thermally populated at room temperature and 
contribute to the nonradiative decay pathways of the complex. 
 
Figure 2.8. a) Simplified Jablonski-type diagram for ruthenium polypyridyl complexes indicating the 
electronic states of importance to the discussion. b) Suggested structure of the {Ru4+:Cl–} ion pair with 
one chloride located in the tmam pocket and the second chloride located closer to the ruthenium metal 
center. 
The relative energies of the electronic states were quantified in different solvents 






















increased knr was observed. This was indicative of a stabilization of the 3MLCT state in the 
more polar solvents, which resulted in a smaller energy gap and red-shifted PL. The linear 
trend obtained when plotting the natural logarithm of the nonradiative rate constants as a 
function of the PL maxima confirmed that solvent dependency was consistent with 
expectations from the energy gap law.61,79 The intercept for the nonradiative rate constant 
measured in water was offset compared to that in organic solvents, although the slopes 
remained the same in all cases. This was attributed to the strong O–H vibrational modes of 
water, which provided additional nonradiative pathways.80 The relative independence of the 
radiative rate constants when plotted against PLmax was also expected, as kr varied with the 
cube of the energy gap, in accordance with the Einstein relation.55,56  
From the 77 K PL measurements, and the subsequent FC line shape analysis, the 
parameters extracted informed on the excited-state decay pathways of the complexes. The 
vibrational modes, ℏwm, were found to be between 1,250 and 1,380 cm–1, which were similar 
to that reported for other ruthenium polypyridyl complexes. This was consistent with C–C 
and C–N acceptor modes that are typically reported at ~1,300 cm–1. The Huang–Rhys 
factors, SM, were reported with values less than one (0.8) that indicated some distortion in the 
excited states.54,81 The SM values were also found to decrease with decreasing energy gap, E0, 
which is in accordance to what has been previously reported.54,81  
The high knr value of [Ru(bpz)2(tmam)]2+ in DCM, on the other hand, was suggestive 
of an excited-state localization on the bpz, instead of on tmam as was the case for other 
complexes. Ruthenium complexes bearing π-deficient ancillary ligands (such as 2,2’-
bipyrazine or 1,4,5,8-tetraazaphenanthrene) are known to be photolabile and undergo ligand 
loss through population of the metal-centered (3MC) state.64,82–84 In DCM, the 3MLCT was 
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destabilized to such an extent that crossing between the 3MLCT and the 3MC was easily 
achieved. Deactivation through the 3MC state is a non-radiative process, hence the large 
value of knr.  
2.3.2 Chloride Ion Pairing 
Spectroscopic data showed that ion pairing between all seven complexes and chloride 
occurred in acetone. Evolution of the UV–Visible spectra upon binding of chloride lead to 
increased and narrowed visible absorption bands. 1H NMR titrations provided evidence that 
the ion pair structures were essentially identical for five of the complexes, as solubility of 
[Ru(bpz)2(tmam)]4+ and [Ru(MeO)2(tmam)]4+limits this conclusion for these two complexes. 
Initial shifts up to two equivalents agreed with shifts observed for the other complexes, and 
indicated similar ion pairing behavior. Complexes bearing tmam ligand has previously been 
shown to bind halides in both acetonitrile and acetone.39,42,60 The presence of a chloride anion 
close to a ligand in a transition metal complex changes the local magnetic environment85 and 
can therefore be used to determine the structure of the ion-pair.86 The 1H NMR shifts induced 
by chloride influenced the 3,3’ H atoms and methylene linker resonances on the tmam ligand 
dramatically. Chloride resided in a “pocket” created by the two positively charged 
substituents on the tmam ligand and the 3,3’ H atoms (Figure 2.8b). Moreover, the shifts of 
proton resonances on the ancillary ligands and 6,6’ of the tmam ligand indicated a second 
ion pairing event, resulting in 1:2 ter-ionic assemblies at higher chloride concentrations. 
Indeed, beyond one equivalent of chloride, the data indicated that a second chloride anion 
was bound above or below the tmam ligand. Spectral changes in the UV-Vis absorption were 
observed to plateau beyond 2 equivalents and was used to determine the equilibrium 
constants (Table 2.4). Importantly, the 1H NMR resonances of the 3,3’ H atoms of the 
 
 66 
ancillary ligands (Figures 2.5 and 2.15-2.20) on all complexes remained unaffected by the 
chloride titrations, indicating that these acidic H atoms did not participate in ion pairing.  
2.3.3 Excited-state Decay Pathways 
The hypsochromic shifts (blue-shifts) observed in the steady state PL spectra upon 
chloride titration was consistently accompanied by an increase in the radiative rate constants 
and a decrease in the nonradiative rate constant. The presence of chloride in the tmam 
pocket, restricted this ligand translationally and torsionally due to strong interactions with the 
alkyl H atoms through H-bonding, as shown by 1H NMR. It was postulated that the 
positively charged trimethylammonium groups associated with the negatively charged halide 
anions. Such behavior was absent in TBACl titrations of [Ru(bpz)2(tmam)]4+, where the 
excited-state was localized on the bpz instead of the tmam ligand.  
The radiative rate constants, kr, increased in the presence of chloride ions for all 
complexes except [Ru(bpz)2(tmam)]4+ and [Ru(bpy)2(tmam)]4+.  The increased radiative rate 
constants were consistent with enhanced ground-state extinction coefficients in accordance 
with the Strickler–Berg equation.87  
In the case of [Ru(bpy)2(tmam)]4+, the interpretation of the excited-state behavior was 
more complicated. The titration of TBACl established that a series of equilibria, forming first 
the mono-ion paired and then the bis-ion paired species (Equation 2.5) were responsible for 





 Equation 2.5 
The experimental evidence suggested that {Ru4+:Cl–}3+ behaved like the 1:1 ion pairs 
of the other alkyl substituted bpy complexes, while {Ru4+:2Cl–}2+ displayed a decreased fPL 
with a smaller extinction coefficient in the ground state. When the ter-ionic species was the 
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prevailing species in solution, the PL intensity decreased. One possible explanation for ter-
ionic species possessing a smaller quantum yield was that ion pairing influenced the ligand 
on which the excited-state was localized.88  
Time dependent density functional theory (TD-DFT) was performed on optimized 
structures of [Ru(bpy)2(tmam)]4+ with zero, one, and two chloride anions present in an effort 
to understand the difference observed in excited-state behavior. The MLCT transitions were 
identified and were in good agreement with the experimental results, i.e. the energy of the 
MLCT transition increased between the complex and the ion-paired one, with a calculated 
shift from 450 nm to 442 nm. However, the calculations did not show any substantial shift in 
the lowest unoccupied molecular orbital upon ion-pairing chloride (Figure 2.22) which 
remained on the tmam ligand throughout the calculations. Nonetheless, larger contributions 
from bpy orbitals to the MLCT transition were observed for {Ru4+:2Cl−}2+ compared to 
{Ru4+:2[PF6−]}2+. Indeed, calculations for {Ru4+:2Cl−}2+ revealed two bpy based and one 
tmam based transitions whose energetic ordering was reversed for {Ru4+:2[PF6−]}2+. These 
preliminary calculations suggest closer energy spacings with more mixing in the case of 
{Ru4+:2Cl−}2+ relative to {Ru4+:2[PF6−]}2+. 
2.4 Conclusions 
The synthesis of seven ruthenium(II) complexes from one common 
[Ru(p-cymene)(tmam)(Cl)](Cl)[PF6]2 precursor that share a specifically introduced common 
ligand, tmam, with a binding pocket for chloride was described. The photophysical and 
electrochemical properties of the complexes were tuned by varying the nature of the ancillary 
ligands. Spectroscopic data was consistent with all complexes forming ion pairs with 
chloride in a suggested 1:2 stoichiometry in acetone. The excited-state properties were 
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influenced by chloride ion pairing, largely due to excited-state localization on the tmam 
ligand. The ter-ionic excited states exhibited larger PL quantum yields and longer-lived 
excited-state lifetimes than the [PF6]– analogues, with the exception of [Ru(bpz)2(tmam)]4+ 
and [Ru(bpy)2(tmam)]4+. In addition, an increase in the radiative rate constant was observed 
with Cl– ion-pairing that could be utilized when designing new chromophores for energy 
applications. [Ru(bpz)2(tmam)]4+ was the most potent photo-oxidant and possessed an 
excited state that was localized on the ancillary bpz, leading to different photophysical 
behavior than the other complexes. [Ru(bpy)2(tmam)]4+ exhibited unusual excited-state 
behavior, where up to 2 equivalents of chloride induced an increase in PL quantum yield and 
additional equivalents lead to quenching. The data showed that molecular synthetic design 
provided complexes that recognize and reported on chloride ions for possible applications in 
solar energy conversion.  
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2.6 Additional Content – Experimental Methods 
2.6.1 Materials 
Acetone (Burdick and Jackson, 99.98 %), Acetonitrile (Burdick and Jackson, 99.9%), 
Methanol (Fisher, 99.9%), Dichloromethane (Spectroscopic grade, Fisher, 99.9%), and 
n-Butyronitrile (BuCN, Acros Organics, 99 %) were used as received. Argon gas (Airgas, 
99.998 %) was passed through a Drierite drying tube before use. Tetrabutylammonium 
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hexafluorophosphate (TBAPF6, Sigma-Aldrich, for electrochemical analysis, ≥ 98 %), 
ruthenium trichloride hydrate (Oakwood Chemicals, 97 %), were used as received. 
Tetrabutylammonium chloride (TBACl, Sigma-Aldrich, ≥ 99.0 %) was dried under vacuum 
30 min prior to use. Deuterated acetone was purchased from Cambridge Isotope 
Laboratories, Inc. 4,4’-bis(trimethylaminomethyl)-2,2’-bipyridine (tmam) and 
[Ru(p-cymene)(tmam)(Cl)](Cl–)[PF6–]2 were synthesized according to a literature 
procedures.39 All other chemicals were obtained from commercial distributors with minimum 
purity of 98 % and used as received. All solutions were purged with argon for at least 30 
minutes before all electrochemical, photoluminescence and titrations experiments.  
2.6.2 Synthesis of [Ru(LL)2(tmam)]4+ Complexes 
In a typical experiment, [Ru(p-cymene)(tmam)(Cl)]3+.(Cl–)[PF6–]2 (100 mg, 
0.111mmol), AgNO3 (75 mg, 0.44 mmol) and the ancillary ligand (LL) (0.234 mmol, 2.1 eq) 
were placed in 15 mL of absolute ethanol. The reaction was heated in a sealed vessel under 
microwave irradiation. The microwave parameters were set such that the vessel would reach 
150°C in 5 minutes and hold this temperature for an additional 20 minutes. After reaction, the 
mixture was cooled to 55°C using an external nitrogen flux. Once at room temperature, the 
mixture was filtered on a fine porosity frit to remove precipitated AgCl and the filtrate was 
evaporated under reduced pressure. The residue was dissolved in the minimum amount of 
methanol and purified by size exclusion (LH20) column chromatography, using methanol as 
the eluent. The desired orange band was collected and evaporated under reduced pressure. 
The residue was finally dissolved in water (with the exception of [Ru(nonyl)2(tmam)]4+ that 
was dissolved in MeOH) and precipitated using a saturated aqueous solution of NH4PF6 
(3mL). The residue was collected by filtration, and washed with water, minimum amount of 
cold ethanol and diethyl ether. Final products were obtained as orange to brown solids with 
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yields that ranged between 71 and 92%. Note that the products can also be purified by 
column chromatography (7 cm height, 1.5 cm wide) on neutral Al2O3 using CH3CN/H2O 
100:0 to 80:20 as the eluent. In that case, the yields are systematically 20-30% lower due to 
compound adsorption on Al2O3.  
[Ru(bpz)2(tmam)]4+.4PF6–. Yield: 79%. 1H NMR (600 MHz, Acetone-d6) δ 10.13 (s, 
4H), 9.01 (d, J = 2.3 Hz, 2H), 8.71 (d, J = 3.3 Hz, 2H), 8.68 (d, J = 3.1 Hz, 2H), 8.40 (d, J = 
5.8 Hz, 2H), 8.33 (dd, J = 3.2, 1.2 Hz, 2H), 8.25 (dd, J = 3.2, 1.2 Hz, 2H), 7.89 (dd, J = 5.9, 
1.8 Hz, 2H), 4.90 (s, 4H), 3.40 (s, 18H). HRMS (ESI-MS) m/z: [M]+ (C34H40N12P3F18Ru) 
calcd. 1153.14677; Found 1153.14245. 
[Ru(bpy)2(tmam)]4+.4PF6–. Yield: 89%. 1H NMR (600 MHz, Acetone-d6) δ 8.95 (d, J 
= 1.4 Hz, 2H), 8.82 (d, J = 8.1 Hz, 4H), 8.30 (d, J = 5.8 Hz, 2H), 8.26 – 8.19 (m, 4H), 8.08 
(d, J = 5.6 Hz, 2H), 7.99 (d, J = 5.6 Hz, 2H), 7.85 (dd, J = 5.9, 1.8 Hz, 2H), 7.59 (ddd, J = 
7.6, 5.6, 1.3 Hz, 2H), 7.52 (ddd, J = 7.7, 5.6, 1.3 Hz, 2H), 4.88 (s, 4H), 3.40 (s, 18H). HRMS 
(ESI-MS) m/z: [M]+ (C38H44N8P3F18Ru) calcd. 1149.16578; Found 1149.16203. 
[Ru(dtb)2(tmam)]4+.4PF6–. Yield: 85%. 1H NMR (600 MHz, Acetone-d6) δ 9.07 (s, 
2H), 8.87 (s, 4H), 8.21 (d, J = 5.8 Hz, 2H), 7.92 (d, J = 6.0 Hz, 2H), 7.82 (dd, J = 5.9, 1.8 Hz, 
2H), 7.78 (d, J = 6.0 Hz, 2H), 7.58 (dd, J = 6.1, 2.1 Hz, 2H), 7.54 (dd, J = 6.0, 2.1 Hz, 2H), 
4.90 (s, 4H), 3.42 (s, 18H), 1.39 (s , 18H), 1.38 (s, 18H). HRMS (ESI-MS) m/z: [M]+ 
(C54H76N8P3F18Ru) and [M]2+ (C54H76N8P2F12Ru1) calcd. 1373.41617 and 614.22599; Found 
1373.42179 and 614.22610. 
[Ru(4,4’-dmb)2(tmam)]4+.4PF6–. Yield: 81%. 1H NMR (600 MHz, Acetone-d6) δ 8.93 
(d, J = 1.9 Hz, 2H), 8.67 (d, J = 5.0 Hz, 4H), 8.28 (d, J = 5.8 Hz, 2H), 7.84 (d, J = 5.8 Hz, 
2H), 7.82 (dd, J = 5.9, 1.9 Hz, 2H), 7.77 (d, J = 5.8 Hz, 2H), 7.43 – 7.39 (m, 2H), 7.34 – 7.30 
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(m, 2H), 4.87 (s, 4H), 3.40 (s, 18H), 2.57 (s, 6H), 2.55 (s, 6H). HRMS (ESI-MS) m/z: [M]2+ 
(C42H52N8P2F12Ru) calcd. 530.13210; Found 530.13275. 
[Ru(5,5’-dmb)2(tmam)]4+.4PF6–. Yield: 85%. 1H NMR (600 MHz, Acetone-d6) δ 8.88 
(d, J = 1.9 Hz, 2H), 8.61 (dd, J = 8.4, 3.3 Hz, 4H), 8.25 (d, J = 5.8 Hz, 2H), 8.04 – 7.97 (m, 
4H), 7.83 (dd, J = 5.9, 1.8 Hz, 2H), 7.78 (s, 2H), 7.74 – 7.70 (m, 2H), 4.94 – 4.84 (m, 4H), 
3.42 (s, 18H), 2.21 (s, 6H), 2.18 (s, 6H). HRMS (ESI-MS) m/z: [M]2+ (C42H52N8P2F12Ru) 
calcd. 530.13210; Found 530.13248. 
[Ru(nonyl)2(tmam)]4+.4PF6–. Yield: 71%. 1H NMR (500 MHz, Methanol-d4) δ 8.82 
(s, 2H), 8.57 (d, J = 7.3 Hz, 4H), 8.01 (d, J = 5.8 Hz, 2H), 7.71 (d, J = 5.8 Hz, 2H), 7.62 (dd, 
J = 5.7, 1.5 Hz, 2H), 7.56 (d, J = 5.8 Hz, 2H), 7.38 – 7.28 (m, 4H), 4.65 (s, 4H), 3.23 (s, 
18H), 2.83 (q, J = 7.6 Hz, 8H), 1.71 (q, J = 7.7 Hz, 8H), 1.53 – 1.06 (m, 44H), 1.00 – 0.74 
(m, 12H). HRMS (ESI-MS) m/z: [M]2+ (C74H116N8P2F12Ru) calcd. 754.38250; Found 
754.38414 
[Ru(MeO)2(tmam)]4+.4PF6–. Yield: 88%. 1H NMR (600 MHz, Acetone-d6) δ 8.99 (s, 
2H), 8.37 (ddd, J = 10.9, 5.6, 3.0 Hz, 6H), 7.84 – 7.80 (m, 2H), 7.76 (ddd, J = 14.2, 6.5, 3.0 
Hz, 4H), 7.17 (dt, J = 6.2, 2.9 Hz, 2H), 7.05 (dt, J = 6.2, 2.9 Hz, 2H), 4.88 (s, 4H), 4.05 (s, 
6H), 4.02 (s, 6H), 3.40 (s, 18H). HRMS (ESI-MS) m/z: [M]+ (C42H52N8O4P3F18Ru) calcd. 
1269.20803; Found 1269.20626 
2.6.3 Nuclear Magnetic Resonance 
Characteristic NMR spectra and halide titration experiments were obtained at room 
temperature on a Bruker Avance III 600 MHz spectrometer equipped with a broadband 
inverse (BBI) probe. Solvent residual peaks were used as internal standards for 1H (δ =2.05 
ppm for (CD3)2CO) and δ = 3.31 ppm for CD3OD) chemical shift referencing. NMR spectra 
were processed using MNOVA. 
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2.6.4 Mass Spectrometry 
Samples were analyzed with a hybrid LTQ FT (ICR 7T) (ThermoFisher, Bremen, 
Germany) mass spectrometer. Samples were introduced via a micro-electrospray source at a 
flow rate of 3 µL/min. Xcalibur (ThermoFisher, Breman, Germany) was used to analyze the 
data. Each mass spectrum was averaged over 200 time domains. The mass range was set to 
150-2000 m/z. All measurements were recorded at a resolution setting of 100,000. Solutions 
were analyzed at 0.1 mg/mL or less based on responsiveness to the ESI mechanism.  
2.6.5 UV−Visible Absorption 
UV−Vis absorption spectra were recorded on a Varian Cary 60 UV−vis 
spectrophotometer with a resolution of 1 nm. The molar absorption coefficient of the 
different complexes was determined by diluting a stock solution of ruthenium complex and 
represent averages of at least three independent measurements.  
2.6.6 Steady-State Photoluminescence 
Room temperature and 77K steady-state photoluminescence (PL) spectra were 
recorded on a Horiba Scientific-FL-1000 fluorimeter and were corrected by calibration of the 
instrument’s response with a standard tungsten-halogen lamp. During chloride titrations, 
ruthenium complexes were excited at a ground-state isosbestic point, which ensured no 
contributions from ground-state absorption changes to changes in the PLI. The PLI was 
integrated for 0.1 s at 1 nm resolution and averaged over three scans. The PL quantum yield, 
ФPL, was measured by comparative actinometry using [Ru(bpy)3][PF6–]2 in acetonitrile (Φ = 
0.062) as a quantum yield standard.48 77K PL measurements were performed using a Janis 
Dual Reservoir VPF system with a four-way fused quartz windows to control the temperature 
of the samples. 77K PL measurements were obtained using the same parameters as the room 
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temperature PL measurements, and were performed on the complexes in 4:1 
ethanol/methanol or BuCN glasses depending on solubility. 
2.6.7  Time-Resolved Photoluminescence 
Time-resolved PL data were acquired on a nitrogen dye laser with excitation centered 
at 445 nm, as described previously.86 Briefly, pulsed light excitation was achieved with a 
Photon Technology International (PTI) GL-301 dye laser that was pumped by a PTI GL-3300 
nitrogen laser. The PL was detected by a Hamamatsu R928 PMT optically coupled to a 
ScienceTech Model 9010 monochromator terminated into a LeCroy Waverunner LT322 
oscilloscope. Decays were monitored at the photoluminescence maximum and averaged over 
180 scans. Non-radiative and radiative rate constants were calculated from the quantum 
yields, ФPL = kr/(kr + knr) and lifetimes, τ = 1/(kr + knr).  
2.6.8 Electrochemistry 
Cyclic voltammetry was performed with a BASi Epsilon potentiostat in a standard 
three-electrode-cell, i.e. a platinum working electrode, platinum or glassy carbon counter 
electrodes and a non-aqueous silver/silver chloride (Pine) reference electrode that was 
referenced to an external decamethyl ferrocene (Fe(Cp*)2, +243 mV vs NHE)57 or ferrocene 
(Fe(Cp)2, +630 mV vs NHE)58 standard, depending on the electrolyte used.57 Experiments 
were performed in 0.1 M TBAPF6 acetone or acetonitrile electrolyte, each used depending on 
complex solubility. 
2.6.9 Chloride Titrations 
UV−Vis, steady-state PL, and time-resolved chloride titration experiments were 
performed in acetone using ~10 µM Ru solutions. Titrations were performed for each 
spectroscopy with ~0.3 equivalents TBACl additions. TBACl was dried under vacuum for a 
minimum of 30 min prior to use. Stock ruthenium solutions were prepared and 5 mL was 
 
 74 
transferred to a quartz cuvette. Titration solutions (5 mL) were also prepared from the same 
stock solution by adding TBACl until the desired concentrations were obtained. These 
solutions were then titrated into the quartz cuvette in 10 or 20 µL additions. The 
concentration of Ru complex remained unchanged throughout the titrations. The one 
exception was [Ru(bpz)2(tmam)]4+, which formed a precipitate in the presence of high 
concentrations of TBACl. Titrating solutions containing TBACl were kept in the dark for the 
duration of the experiment.  
The 1H NMR titrations were performed using Bruker Avance III 600 MHz 
spectrometer equipped with a broadband inverse (BBI) probe using 600 µL of a 500 µM 
[Ru(LL)2(tmam)][PF6–]4 solution in deuterated acetone. Titration was performed by 0.25 
equivalent additions of TBACl (10 µL additions). Each spectrum was averaged over 32 scans 
and was not corrected for dilution.  
2.6.10 Equilibrium Constants 
Equilibrium constants were determined by plotting the absorbance change (DAbs), 
which was obtained by subtracting the initial spectrum in the absence of chloride from all 
subsequent spectra, at a minimum of five different wavelengths around the MLCT region, as 
a function of chloride concentration. The data were fit to a 1:2 stoichiometry expression, 
Equation 2.6.  
∆Abs =	
𝜀∆ÊË:Í𝐾Î[𝑅𝑢]H[𝐼–] +	𝜀∆ÊË:,Í𝐾Î𝐾,[𝑅𝑢]H[𝐼–],
1 + 𝐾Î[𝐼–] + 	𝐾Î𝐾,[𝐼–],
 Equation 2.6 
The extinction coefficients for the ion pairs (eDRu:I and eDRu:2I) were not known. A fit 
was used where the equilibrium constants were shared between all data sets and the 
extinction coefficients were allowed to float.  
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2.6.11 Data analysis  
Data analysis for all experiments was performed using OriginLab, version 9.0. Data 
fitting was preformed using a Levenberg-Marquardt iteration method.  
Franck Condon line-shape analysis was performed by using a single mode fitting 
procedure as has been described previously.50 Fitting was performed in Mathematica 10.4.  
2.6.12 Density Functional Theory and Time-Dependent Density Functional 
Theory 
Quantum mechanical calculations were carried out using the Gaussian 09 program 
package.89 The structures of complexes with no counter anions, one chloride and two 
chloride anions located at the positions indicated by 1H NMR, were optimized to a minimum 
energy and frequency calculations were performed to verify no contributions from imaginary 
frequencies (no negative frequencies). In all calculations, the B3LYP functional was used,90–
93 using the LANL2DZ basis set94–96 with an added f-polarization function applied to 
ruthenium,97 6-311+G* applied to the chlorides, and 6-311G* applied to the other elements.98 
A conductive polarizable continuum model (CPCM) solvent model with acetone as the 
solvent of choice and an ultrafine grid was used for all calculations.99,100 The optimized 
ground-state geometries were used as the starting co-ordinates for the TD-DFT 
calculations.101–103 The 20 lowest excitations were evaluated for each of the complexes for 
their corresponding energies, transitions coefficients and oscillators strengths and among 





2.6.13 Tables of Photophysical Properties 
Table 2.5. Photophysical properties of all complexes recorded under argon in dichloromethane (er = 8.93). 





[Ru(bpz)2(tmam)]4+ 621 16103 375 0.018 4.8 2.6 
[Ru(bpy)2(tmam)]4+ 633 15798 1280 0.084 6.5 72 
[Ru(dtb)2(tmam)]4+ 677 14771 629 0.037 5.9 1.5 
[Ru(4,4’dmb)2(tmam)]4+ 677 14771 628 0.028 4.4 1.6 
[Ru(5,5’dmb)2(tmam)]4+ 664 15060 871 0.046 5.3 1.1 
[Ru(nonyl)2(tmam)]4+ 676 14793 638 0.027 4.2 1.5 
[Ru(MeO)2(tmam)]4+ 709 14104 219 0.0081 3.7 4.5 
Table 2.6. Photophysical properties of all complexes recorded under argon in acetone (er = 20.7). 
Complex PLmax/nm PLmax/cm-1 τ/ns FPL kr (x104 s-1) 
knr (x106 s-
1) 
[Ru(bpz)2(tmam)]4+ 636 15723 1590 0.038 2.5 0.64 
[Ru(bpy)2(tmam)]4+ 660 15152 695 0.043 6.1 1.4 
[Ru(dtb)2(tmam)]4+ 681 14684 455 0.023 4.6 2.0 
[Ru(4,4’dmb)2(tmam)]4+ 685 14599 420 0.019 3.5 1.7 
[Ru(5,5’dmb)2(tmam)]4+ 677 14771 560 0.025 5.7 2.2 
[Ru(nonyl)2(tmam)]4+ 680 14706 455 0.020 2.1 1.0 
[Ru(MeO)2(tmam)]4+ 714 14006 192 0.0050 2.5 5.0 
Table 2.7. Photophysical properties of all complexes recorded under argon in methanol (er = 32.7). 
Complex PLmax/nm PLmax/cm-1 τ/ns FPL kr (x104 s-1) 
knr (x106 s-
1) 
[Ru(bpz)2(tmam)]4+ 642 15576 1100 0.045 4.1 0.87 
[Ru(bpy)2(tmam)]4+ 668 14970 586 0.024 4.1 1.7 
[Ru(dtb)2(tmam)]4+ 686 14577 372 0.014 3.9 2.6 
[Ru(4,4’dmb)2(tmam)]4+ 684 14620 345 0.013 3.7 2.9 
[Ru(5,5’dmb)2(tmam)]4+ 671 14903 495 0.021 4.2 2.0 
[Ru(nonyl)2(tmam)]4+ 686 14577 348 0.013 3.8 2.9 
[Ru(MeO)2(tmam)]4+ 713 14025 130 0.0031 2.4 7.7 
Table 2.8. Photophysical properties of all complexes recorded under argon in acetonitrile (er = 37.5). 
Complex PLmax/nm PLmax/cm-1 τ/ns FPL kr (x104 s-1) 
knr (x106 s-
1) 
[Ru(bpz)2(tmam)]4+ 628 15924 1440 0.072 5.0 0.64 
[Ru(bpy)2(tmam)]4+ 670 14925 711 0.030 4.2 1.4 
[Ru(dtb)2(tmam)]4+ 693 14430 397 0.018 4.5 2.5 
[Ru(4,4’dmb)2(tmam)]4+ 689 14514 405 0.015 3.8 2.4 
[Ru(5,5’dmb)2(tmam)]4+ 682 14663 511 0.020 3.8 1.9 
[Ru(nonyl)2(tmam)]4+ 691 14472 393 0.014 4.0 2.8 




Table 2.9. Photophysical properties of all complexes recorded under argon in water (er = 80.1). 
Complex PLmax/nm PLmax/cm-1 τ/ns FPL kr (x104 s-1) 
knr (x106 s-
1) 
[Ru(bpz)2(tmam)]4+ 640 15625 779 0.034 4.4 1.2 
[Ru(bpy)2(tmam)]4+ 672 14881 294 0.011 3.8 3.4 
[Ru(dtb)2(tmam)]4+ 693 14430 168 0.0055 3.3 5.9 
[Ru(4,4’dmb)2(tmam)]4+ 692 14451 164 0.0052 3.2 6.1 
[Ru(5,5’dmb)2(tmam)]4+ 684 14620 220 0.0080 3.6 4.5 
[Ru(nonyl)2(tmam)]4+ - - - - - - 
[Ru(MeO)2(tmam)]4+ 725 13793 62 0.0016 2.5 16 
Table 2.10. Photophysical properties of ion pairs with TBACl {Ru4+:2Cl–}2+ recorded under argon in 
acetone.  
Complex PLmax/nm PLmax/cm-1 τ/ns FPL kr (x104 s-1) 
knr (x106 s-
1) 
[Ru(bpz)2(tmam)]4+ - - - - - - 
[Ru(bpy)2(tmam)]4+ 654 15291 840 0.057 6.7 1.1 
[Ru(dtb)2(tmam)]4+ 668 14970 590 0.035 6.0 1.6 
[Ru(4,4’dmb)2(tmam)]4+ 673 14859 560 0.028 4.9 1.7 
[Ru(5,5’dmb)2(tmam)]4+ 661 15129 720 0.037 5.2 1.3 
[Ru(nonyl)2(tmam)]4+ 670 14925 580 0.035 6.0 1.7 
[Ru(MeO)2(tmam)]4+ 699 14306 200 0.0072 3.6 5.0 
Table 2.11. TD-DFT analysis of MLCT transitions of {Ru4+}, {Ru4+:Cl–}3+ and {Ru4+:2Cl–}2+. 
Species Orbital Transition Assignment Energy/eV Wavelength/nm 
{Ru4+} 168 ® 171 d ® π* 2.75 450 
{Ru4+:Cl–}3+ 177 ® 180 d ® π* 2.81 442 




2.6.14 UV-visible Spectra of Chloride Titrations 
 
Figure 2.9. Absorption spectra of [Ru(bpz)2(tmam)]4+ upon titration of chloride from 0 to 3.2 equiv. in 
acetone. Inset shows the difference between the spectra after each addition of chloride and the initial 
spectrum. 
 
Figure 2.10. Absorption spectra of [Ru(bpy)2(tmam)]4+ upon titration of chloride from 0 to 3.1 equiv. in 
acetone. Inset shows the difference between the spectra after each addition of chloride and the initial 
spectrum. 
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Figure 2.11. Absorption spectra of [Ru(dtb)2(tmam)]4+ upon titration of chloride from 0 to 6.8 equiv. in 
acetone. Inset shows the difference between the spectra after each addition of chloride and the initial 
spectrum. 
Figure 2.12. Absorption spectra of [Ru(5,5’-dmb)2(tmam)]4+ upon titration of chloride from 0 to 4.9 





Figure 2.13. Absorption spectra of [Ru(nonyl)2(tmam)]4+ upon titration of chloride from 0 to 5.6 equiv. in 
acetone. Inset shows the difference between the spectra after each addition of chloride and the initial 
spectrum. 
 
Figure 2.14. Absorption spectra of [Ru(MeO)2(tmam)]4+ upon titration of chloride from 0 to 3.1 equiv. in 




2.6.15  1H NMR Spectra of Chloride Titration 
 
Figure 2.15. 1H NMR spectra of [Ru(bpz)2(tmam)]4+ in d6-acetone with the number of equivalents of 
chloride indicated in by each spectrum. 
 
Figure 2.16. 1H NMR spectra of [Ru(bpy)2(tmam)]4+ in d6-acetone with the number of equivalents of 




Figure 2.17. 1H NMR spectra of [Ru(5,5’-dmb)2(tmam)]4+ in d6-acetone with the number of equivalents of 
chloride indicated in by each spectrum. 
 
Figure 2.18. 1H NMR spectrum of [Ru(nonyl)2(tmam)]4+ in d6-acetone with the number of equivalents of 
chloride indicated in by each spectrum. 












Figure 2.19. 1H NMR spectra of [Ru(dtb)2(tmam)]4+ in d6-acetone with the number of equivalents of 
chloride indicated in by each spectrum. 
 
Figure 2.20. 1H NMR spectra of [Ru(MeO)2(tmam)]4+ in d6-acetone with the number of equivalents of 
chloride indicated in by each spectrum. 
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2.6.16 Steady State Photolysis 
 
Figure 2.21. 1H NMR spectra of [Ru(dmb)3]2+ in acetone (blue) for reference, [Ru(4,4’-dmb)2(tmam)]4+ 
with excess triethylamine in the dark (black) and after 240 min irradiation (red) with 460 nm CW laser 
(power ~5 mW/cm2). 
10 9 8 7 6
Chemical shift (ppm)
[Ru(dmb)3]2+
[Ru(dmb)2(tmam)]4+ + TEA 
240 min 460 nm laser
[Ru(dmb)2(tmam)]4+ + TEA 
no light
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2.6.17  Theoretical Results 














2.6.18  1H NMR Spectra of Complexes 
 
Figure 2.23. 1H NMR of [Ru(dtb)2(tmam)]4+.4PF6– recorded in deuterated acetone at 500 MHz at 298K. 
 




Figure 2.25. 1H NMR of [Ru(4,4’-dmb)2(tmam)]4+.4PF6– recorded in deuterated acetone at 500 MHz at 
298K. 
 





Figure 2.27. 1H NMR of [Ru(MeO)2(tmam)]4+.4PF6– recorded in deuterated acetone at 500 MHz at 298K. 
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 Chloride Oxidation by Ruthenium Excited-States in Solution3 
3.1 Introduction 
Bond formation as a result of an electron-transfer reaction from an excited state is of 
great interest for solar energy conversion and storage, especially when the excited states are 
generated by visible-light absorption. A specific kind of reaction that has gained more 
attention recently is HX splitting, where X is a halide, which produces H2 and X2.1,2 When 
moving up the halide group, reduction potentials become progressively more positive,3,4 and 
more potent photo-oxidants are required. Nevertheless, chloride is a very promising target, as 
it is a naturally abundant resource, making up more than 3% by weight of seawater, which in 
turn corresponds to 97% of our water supply.5 Furthermore, chlorine is used in a number of 
industries and is produced in the chlor-alkali process, which employs electrolysis to produce 
chlorine from sodium chloride.6 Herein we report on the photophysical and photochemical 
behavior of three ruthenium complexes, [Ru(bpz)3]2+ (1), [Ru(bpz)2(tmam)]4+ (2), and 
[Ru(bpz)2(deeb)]2+ (3) (Figure 3.1), and their use for successful chloride oxidation with 
visible light. 
3This work was previously published in the Journal of American Chemical Society with contributions from S. 





Figure 3.1. [Ru(bpz)3]2+(1), [Ru(bpz)2(tmam)]4+ (2), and [Ru(bpz)2(deeb)]2+ (3), where bpz is 2,2′-
bipyrazine, tmam is 4,4′- trimethylamino-methyl-2,2′-bipyridine, and deeb is 4,4′-diethylester- 2,2′-
bipyridine. 
Complexes 1 and 3 have been previously reported,7,8 whereas complex 2 was synthesized by 
reaction between [Ru(bpz)2Cl2] and [tmam]Cl2 (see Section 0). The complex was 
characterized by 1H NMR and mass spectrometry, Section 3.4.16.8,9 All experiments were 
performed in acetone at room temperature, unless otherwise stated. 
It is generally accepted that ruthenium complexes bearing at least two 2,2′-bipyrazine 
(bpz) ligands behave as potent excited-state oxidants.7,10,11 Furthermore, it was recently 
shown that [Ru(bpz)2(deeb)]2+ can oxidize bromide to bromine in acetone.12 The tmam 
ligand, on the other hand, possesses a dicationic charge and a halide binding site, as has 
previously been shown with iodide and chloride.9,13 Our approach was to combine the strong 
oxidizing power conferred by bpz ligands with the ion-pairing ability of the tmam ligand in 
complex 2, to pre-organize the ground-state reactants in close proximity prior to light 
absorption so as to promote reactivity. 
3.2 Results and Discussion 
The complexes displayed photophysical properties common to most ruthenium 
polypyridyl species, such as ground-state absorption features around 450 nm, assigned to 
metal-to-ligand charge-transfer (MLCT) transitions, and room-temperature 
photoluminescence (Figure 3.2a) that decayed exponentially to the ground state.11 
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Photophysical properties of the complexes are summarized in Table 3.1. The values obtained 
for 1 and 3 in acetone were in good agreement with previously published data acquired in 
acetonitrile.7,8,14,15 
 
Figure 3.2. (a) Ground-state absorption and photoluminescence spectra of [Ru(bpz)3]2+, 
[Ru(bpz)2(tmam)]4+, and [Ru(bpz)2(deeb)]2+ in acetone. (b) Absorption of [Ru(bpz)2(tmam)]4+ upon the 
addition of TBACl in acetone; the inset recasts the same data as difference spectra with the spectrum at 0 
equiv of chloride as a reference. (c) Time-resolved and steady-state (inset) photoluminescence of 
[Ru(bpz)2(tmam)]4+ with added chloride. (d) Stern−Volmer plots for excited-state chloride quenching. (e) 
Transient absorption spectra measured at the indicated delay times after pulsed 450 nm excitation of 
[Ru(bpz)2(tmam)]4+ with 2 equiv of chloride in acetone. (f) Transient absorption spectra for the 
monoreduced and excited states of [Ru(bpz)2(tmam)]4+ after pulsed 450 nm excitation (scatter). Overlaid 
(solid lines) are the decay-associated spectra. 
Ion-pairing between 2 and chloride was investigated in titration experiments 
monitored by 1H NMR and UV−Vis spectroscopy. Additions of TBACl induced shifts in 
several 1H NMR resonances that increased with the chloride concentration (Figures 3.5-3.6). 
A large, downfield shift (Δppm>1) was observed for the 3,3′ protons and the methylene 
protons on the tmam ligand, the latter of which resolved into a roofed doublet upon chloride 
addition due to their enantiotopic nature, indicating that the tmam ligand was an ion-pairing 
binding site. It is worth noting that the typical H-3,3′ binding sites on the bpz ligands were 





























































































































































indicating a second binding site near the metal center. An equilibrium constant was extracted 
from a modified Benesi-Hildebrand analysis Keq = 44,000 ± 5,000 M−1.16,17 
Visible absorption spectra further confirmed ion-pair formation between complex 2 
and chloride in solution, as the MLCT absorption band decreased in intensity and red-shifted 
(Figure 3.2b) without evidence for ligand photosubstitution chemistry. At high chloride 
concentrations a precipitate formed. The absorption spectra of complexes 1 and 3 showed no 
indications of ion-pair formation. With complex 1, a precipitate formed in the presence of 
chloride, indicative of the formation of a less soluble chloride salt. With the addition of 
approximately 10% water, the complex became soluble, further confirming the formation of 
the chloride salt (Figure 3.7). In a 9:1 acetone/water solution complex 1 underwent rapid 
ligand substitution when excited by 460 nm light (Figure 3.8). 
Table 3.1. PhotophysicalProperties of Complexes 1, 2, and 3 in Acetone 
Complex Abs (nm) (e, M-1 cm-1) 
PL lmax
(nm) t (µs) FPL
kr (x104 s-1) knr (x105 s-1) 
1 440 (13,000) 610 0.90 0.060 6.0 9.4 
2 450 (12,600) 635 1.50 0.038 2.5 6.4 
3a 450 (14,200) 630 1.75 0.090 5.1 5.2 
aValues from ref. 12. 
Complex 3 underwent rapid ligand exchange with chloride, even under ambient light 
conditions. Such photochemistry is known and has been attributed to the population of the 
metal- centered (MC) states, sometimes called ligand-field (LF) states. These states are 
antibonding in character and therefore often lead to ligand loss chemistry. The activation energy 
for 3MLCT → MC internal conversion was quantified for the three complexes through 
temperature dependent lifetime measurements with Arrhenius-type analysis.18 Butyronitrile 
was utilized as a solvent as it provided a wider temperature window than acetone.19 The Ea 
values were 2700, 3100, and 2600 cm−1 for complexes 1, 2, and 3, respectively. This trend 
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was in good agreement with steady-state photolysis experiments that revealed the same order 
for ligand loss photochemistry (Figure 3.8). 
Electrochemical data measured with 2 are summarized in Table 3.2, along with 
literature data for 1 and 3. The similarity of the first reduction potential indicated that the bpz 
ligand was first reduced for all the complexes, and hence the excited state was similarly 
localized on a bpz ligand.20 The first reduction of 2 was reversible, but at more negative 
potentials discoloration was observed on the electrode, similar behavior has been reported for 
related cationic complexes.21 Metal based RuIII/II potentials were determined at highly 
positive potentials. The oxidizing power of the MLCT excited states, E°(Run+*/(n−1)+), where n 
is the charge of the complex cation, were determined from ground-state potentials and the free 
energy stored in the excited state, ΔGES. All complexes were potent excited-state oxidants with 
reduction potentials ranging from 1.7 to 1.8 V vs NHE. Complex 1 was the strongest excited-state 
oxidant due to the three 2,2′-bipyrazine ligands. 
Table 3.2. Formal Reduction Potentials and Excited-State Free Energiesa 
 E° (V)  
Complex RuIII/II bpz–/0 (Run+*/(n-1)+) DGES (eV)b 
1 2.23c –0.43c 1.8 2.26 
2 2.10 –0.50 1.7 2.18 
3 2.04d –0.48d 1.7 2.18e 
a Unless otherwise noted all values were measured in acetonitrile at room temperature and were 
corrected to NHE. bMeasured in acetone. cData from ref 7. dData from ref 13. eData from ref 12. 
Significant excited-state quenching by chloride was evident for all three complexes 
(Figure 3.2c,d and Table 3.3). Stern–Volmer analysis of lifetime and intensity data for 1* and 
3* were linear with similar slopes, consistent with a dynamic electron-transfer mechanism 
(Figure 3.2d). Note that the data for 3* were obtained in a 9:1 acetone/water mixture in an 
effort to minimize ligand loss photochemistry and maximize solubility. 
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Table 3.3. Stern−Volmer Parameters for the Complexes in Solution with TBACl. 
KSV (M–1) 
Complex I0/I t0/t kq (1010 M–1 s–1) 
1 64 000 61 000 7.0 ± 0.7 
2 – 19 000 1.2 ± 0.1 
3a 27 000 32 000 ~ 2 
aMeasured in acetone/water (9:1). 
Stern−Volmer analysis of 2* was complicated by the appearance of non-single 
exponential kinetics. The data were well described by a biexponential model with a short 
lifetime of 75 ns that was independent of the chloride concentration and a longer-lived 
excited state that was dynamically quenched by chloride.12 
Quenching of excited states by chloride has been previously reported, but the 
mechanism(s) remained speculative.15,17,19,22,23 In an effort to unambiguously identify the 
quenching mechanism herein, transient absorption spectroscopic measurements were 
performed. In neat acetone, pulsed 450 nm excitation of 2 showed spectra consistent with the 
formation of a MLCT excited state, with ground-to-excited-state isosbestic points at 400 and 
500 nm. Upon addition of 2 equivalents of chloride, a new long-lived feature was observed 
with a maximum at 510 nm (Figure 3.2e). This was assigned to the one-electron reduced 
form of 2, whose spectrum was independently measured (Figure 3.9) by published 
procedures.24 A similar feature with a peak at 510 nm was observed for complex 1 (Figure 
3.10). In contrast, no redox chemistry was observed when weaker photo-oxidants were 
employed. For example, a related complex, [Ru(bpy)2(tmam)]4+* showed no evidence for 
excited-state quenching under the same conditions (Figure 3.11). Hence the observation of 
the one-electron reduced ruthenium complex after light excitation of 1 or 2 indicated 
reductive electron transfer from chloride to the excited complex. 
Excited-state electron transfer from Cl− is expected to form the chlorine atom (Cl•). 
Pulse radiolysis data in aqueous solutions indicate that Cl• reacts with Cl– to form the radical 
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anion (Cl2•−), and that both Cl• and Cl2•– absorb light in the 340−360 nm region in water.25,26 
Transient absorption experiments in this wavelength region, performed in an attempt to 
identify the Cl– photo-oxidation products, showed a very weak absorption on time scales that 
precluded excited-state participation but could not be conclusively assigned to oxidized 
chloride species. Since the transient data did not unambiguously identify the chloride 
oxidation product(s), steady-state 460 nm (4.5 mW/cm2) illumination of 2 was carried out in 
the presence of a halogen trap, 2,3-dimethyl-1,3-butadiene (DMBD), in deuterated acetone.27 
The 1H NMR analysis revealed that net photochemistry had occurred. Control experiments 
indicated that all three components, Cl–, DMBD, and [Ru(bpz)2(tmam)]4+ were required for 
this photochemical reaction to occur. Chlorine atom addition to an alkene was expected to 
result in downfield shifts due to the electronegativity of the halide, which was indeed 
observed, although the exact nature of the photochemical product(s) was unknown (Figure 
3.12). The resonances associated with DMBD decreased by a factor of 2, while the TBA+ 
resonances remained unchanged, providing compelling evidence for the production of Cl 
atoms in the excited-state reaction. 
Scheme 3.1. Expected mechanism for electron transfer to [Ru(bpz)2(tmam)]4+ from Cl– and subsequent 
reactivity with halogen trap; 2,3-dimethyl-1,3-butadiene (DMBD). 
There exists a substantial literature of aqueous halide redox potentials that have been 
predominantly determined from pulse radiolysis data; however, values in organic solvents are 
less common.3 Furthermore, there is significant variance in the aqueous Cl•/− reduction 
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potentials available in the literature, ranging from 2.2 to 2.4 V.3 An estimate of the chloride 
reduction potential in acetone was calculated using Marcus theory. The observed dynamic 
quenching rate constant kq, for complex 2, was corrected for diffusion and excited-state 
encounter complex formation, see section 3.3.9.28,29 Assuming a reorganization energy of 1 
eV, the free energy change for the excited-state electron-transfer reaction, ΔG°, was estimated 
from Marcus theory to be +0.19 eV. This ΔG° value and the E°(Ru4+*/3+) potential of 2* 
provided a formal reduction potential of E°(Cl•/−) = 1.87 V vs NHE for chlorine in acetone. 
This Marcus analysis indicates that chloride oxidation was thermodynamically uphill for 2*, 
although it occurred with a large rate constant. This was reminiscent of prior reports of rapid 
iodide oxidation by MLCT excited-states when ΔG° ≈ 0, behavior attributed to the formation 
of inner-sphere adducts that enhanced the electronic coupling prior to electron transfer.28 
Although, the possibility of an inner-sphere electron transfer mechanism was ignored in this 
calculation, this could account for the rapid reactivity.30–33 Nevertheless, the estimated Cl•/− 
potential was significantly less positive than the accepted values in water.3 Therefore, acetone 
plays two important roles in this photoredox chemistry: it affects the Cl•/− reduction potential 
and provides a low dielectric continuum that promotes ion-pair formation that was 
particularly important for complex 2. 
3.3 Conclusions 
In conclusion, the three complexes [Ru(bpz)3]2+ (1), [Ru(bpz)2(tmam)]4+ (2), and 
[Ru(bpz)2(deeb)]2+ (3) were found to photo-oxidize chloride in acetone or acetone/water 
solutions with rate constants greater than 1010 M−1 s−1. Nanosecond transient absorption 
spectroscopy revealed a mechanism wherein chloride transferred an electron to the excited 
state to yield the reduced ruthenium complex. Studies with radical traps indicated that the Cl 
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atom was the other product. Complex 1 was the most potent photo-oxidant; however, the 
combination of oxidizing power conferred by 2,2′-bipyrazine ligands with the ion-pairing 
ability of a dicationic tmam ligand induced greater stability in the ground and the excited-
state of 2. The activation energy for internal conversion from the 3MLCT to MC states was 
quantified for all three complexes and was correlated with ligand loss photochemistry with 
chloride. The data show that appropriate ligand design and use of non-aqueous solvents can 
enable rapid chloride oxidation by molecular excited states. 
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3.4 Additional Content 
3.4.1 Materials 
Acetonitrile (CH3CN, Burdick and Jackson, 99.98 %), Acetone (Burdick and Jackson, 
99.98 %), and n-Butyronitrile (BuCN, Acros Organics, 99 %) were used as received. Argon 
gas (Airgas, 99.998 %) was passed through a Drierite drying tube before use. Ammonium 
hexafluorophosphate (NH4PF6, Sigma-Aldrich, ≥ 98 %), tetrabutylammonium chloride 
(TBACl, Sigma-Aldrich, purum ≥ 97 %), tetrabutylammonium hexafluorophosphate 
(TBAPF6, Sigma-Aldrich, for electrochemical analysis, ≥ 98 %), ruthenium trichloride 
hydrate (Oakwood Chemicals, 97 %), tri-p-tolylamine (TCI America, ≥ 98 %), and 2,3-
Dimethyl-1,3-butadiene (DMBD, Sigma-Aldrich, 98 %) were used as received. NMR 
solvents were purchased from Cambridge Isotope Laboratories, Inc. Trimethylamino-methyl-
2,2’-bipyridine (tmam), 2,2’-bipyrazine (bpz), Ru(bpz)2Cl2, [Ru(bpz)3]2+  and 
[Ru(bpz)2(deeb)]2+ were synthesized according to a literature procedure.7–9 All other 
chemicals were obtained from commercial distributors with minimum purity of 98 % and 
used as received. All solutions were sparged with argon for at least 30 minutes before all 
electrochemical, titration and transient absorption experiments.  
3.4.2 Nuclear Magnetic Resonance 
Characteristic NMR spectra and halide titration experiments were obtained at room 
temperature on a Bruker Avance III 600 MHz whereas photolysis experiments were 
monitored on a Bruker 400 MHz NB spectrometer. Solvent residual peaks were used as 
internal standards for 1H (δ =2.05 ppm for (CD3)2CO) and 13C (δ = 29.84 ppm for 
(CD3)2CO)) chemical shift referencing. NMR spectra were processed using MNOVA 
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3.4.3 Mass Spectrometry 
Samples were analyzed with a hybrid LTQ FT (ICR 7T) (ThermoFisher, Bremen, 
Germany) mass spectrometer. Samples were introduced via a micro-electrospray source at a 
flow rate of 3 µL/min. Xcalibur (ThermoFisher, Breman, Germany) was used to analyze the 
data. Each mass spectrum was averaged over 200 time domains. Electrospray source 
conditions were set as: spray voltage 4.7 kV, sheath gas (nitrogen) 3 arb, auxiliary gas 
(nitrogen) 0 arb, sweep gas (nitrogen) 0 arb, capillary temperature 275 ºC, capillary voltage 
35 V and tube lens voltage 110 V. The mass range was set to 150-2000 m/z. All 
measurements were recorded at a resolution setting of 100,000. Solutions were analyzed at 
0.1 mg/mL or less based on responsiveness to the ESI mechanism. Low-resolution mass 
spectrometry (linear ion trap) provided independent verification of molecular weight 
distributions. 
3.4.4 UV−Vis Absorption 
UV−vis absorption spectra were recorded on a Varian Cary 60 UV−Vis 
spectrophotometer with a resolution of 1 nm. The extinction coefficients were determined by 
diluting a stock solution of complex (2) and represent averages of at least three independent 
measurements.  
3.4.5 Steady-State Photoluminescence 
Steady-state PL spectra were recorded on a Horiba Fluorolog 3 fluorimeter and 
corrected by calibration with a standard tungsten-halogen lamp. [Ru(bpz)3]2+ and 
[Ru(bpz)2(tmam)]4+ were excited at 460 nm and 463 nm, respectively, which represent 
isosbestic points for each compound. The intensity was integrated for 0.1 s at 1 nm resolution 
and averaged over 3 scans. The PL quantum yields were measured by the optically dilute 
method using [Ru(bpy)3][PF6]2 in acetonitrile (Φ = 0.062) as a quantum yield standard.34 
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3.4.6 Time-Resolved Photoluminescence 
Time-resolved PL data were acquired on a nitrogen dye laser with excitation centered 
at 445 nm. Pulsed light excitation was achieved with a Photon Technology International 
(PTI) GL-301 dye laser that was pumped by a PTI GL-3300 nitrogen laser. The PL was 
detected by a Hamamatsu R928 PMT optically coupled to a ScienceTech Model 9010 
monochromator terminated into a LeCroy Waverunner LT322 oscilloscope. Decays were 
monitored at the PL maximum and averaged over 180 scans. Nonradiative and radiative rate 
constants were calculated from the quantum yields, Ф = kr/(kr + knr) and lifetimes, τ = 1/(kr + 
knr).  
3.4.7 Variable Temperature Time-Resolved Photoluminescence 
Time-resolved PL data were acquired as described above. The sample temperature 
was maintained to ± 0.1 ºC using a liquid nitrogen cryostat, UniSoku CookSpek USP-203-B. 
3.4.8 Electrochemistry 
Square wave voltammetry was performed with a BASi Epsilon potentiostat in a 
standard three-electrode-cell in 0.1 M TBAPF6 CH3CN electrolyte.  The cells consisted of a 
platinum working electrode and a platinum mesh as an auxiliary electrode. A non-aqueous 
silver/silver chloride electrode (Pine) was used as a reference electrode, which was 
referenced to an internal ferrocene (Fc) standard (630 mV vs NHE).35 
3.4.9 Estimation of the Reduction Potential of Chlorine/Chloride Couple 
The observed rate constant, kobs, or quenching constant (kq), was obtained from the 
Stern Volmer analysis of the time resolved quenching study. kobs includes contributions from 









 Equation 3.1 
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Where kdiff is defined accordingly: 
𝑘ÒÓÓ = 4𝜋𝑁q(𝐷ÊË + 𝐷ÕÖ)𝛽 Equation 3.2 
Where b is the effective reaction radius: 
𝛽 = 𝑅¯ exp(𝑅¯𝜅) /[exp	(𝑅¯/𝑅) − 1] Equation 3.3 
Where Rc is the Onsager radius: 
𝑅¯ = [𝑧ÊË𝑧ÕÖ𝑒,/4𝜋𝜀:𝜀H𝑘u𝑇] Equation 3.4 
And k–1 is the Debye length: 
𝜅4Î = r[𝜀:𝜀H𝑘u𝑇/2000𝑒,𝑁q𝐼] Equation 3.5 
The association constant is defined as follows: 
𝐾q = 1000(4/3)𝜋𝑅*𝑁qexp	(−𝑅¯/𝑅)	exp	[𝑅¯𝜅/(1 + 𝜅𝑅)] Equation 3.6 
These equations yielded theoretical estimates of the diffusion rate constant, kdiff = 1.67 x 1010 
M–1 s–1 and the association constant, KA = 3.8 x 105 M–1, calculated for the ionic strength, I = 
1.4 x 10–4 M. From kobs, kdiff and KA an estimate of the electron-transfer rate constant for Cl− 
reduction, ket = 1.11 x 105 s-1, was calculated. 
𝑘·Ô = 𝐴 exp Ü
−(Δ𝐺∘ + 𝜆),
4𝜆𝑅𝑇
ß Equation 3.7 
The Marcus equation, where A = 1011 s–1 and l = 1 eV are assumed, can then be 
applied to ket to calculate DG° = 0.19 eV for the reaction. This then results in Eº(Cl•/–) = 1.87 
V vs NHE. 
A more in-depth treatment of these equations and the assumptions involved can be 
found in Chapter 6.  
3.4.10 Chloride Titrations 
UV−Vis, PL, and time-resolved measurements were performed in acetone using 10 
µM solutions of complexes 1-3. Titration measurements were performed for each of the 
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spectroscopies with TBACl through additions of 0.25 equivalents. Stock solution to keep the 
concentration of 1-3 unchanged could not be prepared due to low solubility of these 
complexes in the presence of large amount of TBACl. The total volume added for these 
experiments lead to dilutions of complexes 1-3 of less than 10%.  
The 1H NMR titrations were performed using Bruker Avance III 600 MHz 
spectrometer equipped with a broadband inverse (BBI) probe using 600 µL of 100 µM 
ruthenium complex in deuterated solvent and 0.25 equivalent additions of TBACl (10 µL). 
Each spectrum was averaged over 128 scans.  
3.4.11 Data Analysis 
Data analysis for all experiments was performed using OriginLab, version 9.0. Data 
fitting was preformed using a Levenberg-Marquardt iteration method. Benesi-Hildebrand 
type analysis was performed in Mathematica, version 10.  
3.4.12 Transient Absorption 
Nanosecond transient absorption measurements were acquired on a setup published 
previously.36 Briefly, a Q-switched, pulsed Nd:YAG laser (Quantel U.S.A. (BigSky) Brilliant 
B 5-6 ns full width at half-maximum (fwhm), 1 Hz, ∼10 mm in diameter) doubled to 532 
nm. The laser was passed through an OPO and tuned to the appropriate wavelength (440-450 
nm for complexes 1-3). The laser irradiance at the sample was attenuated to 10 mJ/pulse. The 
probe lamp consisted of a 150 W xenon arc lamp and was pulsed at 1 Hz with 70 V during 
the experiment. Signal detection was achieved using a monochromator (SPEX 1702/04) 
optically coupled to an R928 photomultiplier tube (Hamamatsu) at a right angle to the 
excitation laser. Transient data were acquired with a computer-interfaced digital oscilloscope 
(LeCroy 9450, Dual 330 MHz) with an overall instrument response time of ∼10 ns. An 
average of 30 laser pulses was acquired averaged at each wavelength of interest over the 335-
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800 nm range. Intervals of 10 nm were used for wavelength between 370 and 600 nm and 
intervals of 20 nm were used between 600 and 800 nm. Time-resolved PL data were also 
acquired at the same laser intensity at 532 nm.  
3.4.13 Determination of the Reduced Complex Spectrum 
The absorption spectrum of the singly reduced complex (2) was determined using a 
procedure adapted from literature.24 A 10 µM solution of (2) with 10 mM tri-p-tolylamine 
(TPA) was irradiated with 532 nm light (1.5 mJ/cm2). Laser excitation of (2) resulted in 
electron transfer from the TPA to (2*). Transient absorption spectra were recorded, 
normalized at 680 nm, and the normalized spectrum of the oxidized TPA was subtracted to 
yield the spectrum of the reduced complex 2.  
3.4.14 Steady State Photolysis 
A continuous wave 460 nm Coherent Genesis MX-STM Series Optically Pumped 
Semiconductor Laser (OPSL) was used in the photolysis experiments with an output power 
of 11 mW for varying amounts of time, typically 6-12 hours. The output was passed through 
a beam-expander and then through the sample in a continuously stirred cuvette containing 2.5 
mL deuterated Acetone, 1 mM TBACl, 1 mM DMBD and approximately 1 %mol complex 2. 
500 µL aliquots were removed and 1H NMR were performed as described earlier, before the 
aliquot was replaced and the photolysis continued.  
3.4.15 Synthesis of [Ru(bpz)2(TMAM)][PF6]4 
[Ru(bpz)2Cl2] (66 mg, 0.135 mmol), [tmam](Cl–)2 (50 mg, 0.135 mmol) and AgNO3 
(106 mg, 0.54 mmol) were suspended in 10 mL H2O/EtOH 1:1 mixture. This mixture was 
sparged with argon for 15 minutes prior to being heated at 150°C for one hour in a 
microwave vessel. After reaction, 5 mL of water was added and ethanol was evaporated. The 
solution was filtered on Celite to remove silver nitrate, washing the Celite with water. A 
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saturated solution of NH4PF6 was added to the filtrate, allowing the desired complex to 
precipitate. The latter was collected by filtration, washed with water and diethyl ether prior to 
being dried under vacuum. [Ru(bpz)2(TMAM)][PF6–]4 was finally obtained as an orange 
solid (150 mg, 86%). 1H NMR (Acetone-d6, 600 MHz): δ 10.13 (4H, t, J = 1.3 Hz), 9.01 (2H, 
d, J = 1.2 Hz), 8.71 (2H, d, J = 3.2 Hz), 8.68 (2H, d, J = 3.2 Hz), 8.40 (2H, d, J = 5.8 Hz), 
8.34 (2H, dd, J = 3.3, 1.2 Hz), 8.25 (2H, dd, J = 3.2, 1.2 Hz), 7.89 (2H, dd, J = 5.8, 1.8 Hz,), 
4.90 (4H, s), 3.40 (18H, s). 13C NMR (Acetone-d6, 600 MHz): δ 158.12, 154.35, 152.04, 
151.75, 149.79, 149.56, 147.97, 146.43, 146.30, 140.38, 132.67, 129.54, 67.62, 54.03. 
HRMS (ESI-MS) m/z: [M]2+ Calcd for C34H40N12P2F12Ru 504.09129; Found 504.0900. 
Calcd for C34H40N12P3F18Ru 1153.1468; Found 1153.1425 
3.4.16 Figures - Characterization of Complexes 
 
Figure 3.3. High-resolution mass spectrum of [Ru(bpz)2(tmam)][PF6–]4. 
FTMS+ bpz-TMAM 100ug-mL 50uL-min #1-250 RT: 0.01-3.72 AV: 250 NL: 8.94E5
T: FTMS + p ESI Full ms [150.00-2000.00]
























































Figure 3.4. 1H NMR spectrum of [Ru(bpz)2(tmam)][PF6–]4 in d6-acetone at 600 MHz and 298K. 
3.4.17 Figures – Titrations with Chloride 
 
Figure 3.5. 1H NMR titration (aromatic region) of complex 2 in acetone-d6 with up to 3 equivalents 
tetrabutylammonium chloride at 600 MHz and 298 K. The smaller graph shows a zoom to highlight the 



































































































































Figure 3.6. 1H NMR titration (aliphatic region) of complex 2 in acetone-d6 with up to 3 equivalents 
tetrabutylammonium chloride at 600 MHz and 298 K 
 
Figure 3.7. Evolution of the UV-Vis spectra of [Ru(bpz)3]2+ in acetone in the presence of 3 equivalents of 
chloride over 10 minutes. The addition of 10% water (pink dashed line) lead to full recovery of the initial  
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Figure 3.8. Photolysis study of all three neat complexes in acetone (left column), complexes with 20 
equivalents of TBACl in acetone (middle column) and the complexes with 20 equivalents of TBACl in 
acetone with 10% H2O. 
3.4.18 Figures – Investigation of Mechanism of Photo-oxidation of Chloride 
 
Figure 3.9. Monoreduced spectrum of [Ru(bpz)2(tmam)]4+ obtained through transient absorption using 



































Figure 3.10. Transient absorption spectra measured at the indicated delay times after pulsed 532 nm 
excitation of [Ru(bpz)3]2+ with 3 equivalents of chloride in 9:1 acetone/water. 
 
Figure 3.11. Transient absorption spectra measured at the indicated delay times after pulsed 532 nm 
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 Tuning Rate Constants for Visible Light Initiated Intra-ionic I-I Bond 
Formation4 
4.1 Introduction 
The practical use of sunlight to convert abundant feedstocks into higher energy 
compounds that serve as alternatives to fossil fuels continues to provide inspiration to 
photochemists.1–12 Water splitting (Equation 4.1) to generate H2 and O2 products has attracted 
considerable interest in this regard as the identification of stable, low-cost materials that 
photocatalyze this reaction could enable the widely discussed ‘hydrogen economy’.8,9,13 
Another potential feedstock for H2 is hydroiodic acid (HI) (Equation 4.2).2,5 From both a 
kinetic and a thermodynamic point of view, extraction of the electrons needed for proton 
reduction from iodide ions is more facile than that from water or hydroxide ions.2,5 Iodide 
oxidation is a pH independent, two-electron transfer process while water oxidation requires 
four electrons, coupled with proton transfer.3 Excited states of semiconductors or molecules 
are generally good one-electron transfer reagents, however coupling multi-electron transfer 
catalysis to single photon absorption events that create excited states remains a significant 
challenge.14–23 In this regard, two electron transfer is certainly less formidable than four, 
particularly in the case of iodide, where a fortuitous disproportionation reaction occurs 
(Equation 4.5).2,24,25 
4This chapter contains a combination of results that are part of ongoing research and a previously published 
communication. Presented in the main text are the results and preliminary interpretation of the data obtained for 
the ongoing research. This work was performed in collaboration with L. Troian-Gautier, L. Marcélis, A. B. 
Maurer, R. N. Sampaio, G. J. Meyer. In the additional content is presented a communication that contains much 
of the same information, limited to one ruthenium complex. 
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An iodine atom generated by a photoexcited sensitizer, S*, (Equation 4.3) is known to 
undergo a subsequent thermal I-I bond formation reaction (Equation 4.4) to yield diiodide, 
I2•–, which is unstable with respect to disproportionation (Equation 4.5).25–27 Indeed, diiodide 
disproportionation is quantitative under many conditions in dye-sensitized solar cells.24 This 
reaction chemistry thus enables two independent excited-state one-electron transfer reactions 
to generate the two electron transfer oxidation products I2/I3– which are in thermal 
equilibrium, Equations 4.3-4.6. The long-term vision of this research is to design 
supramolecular complexes comprised of a molecular photosensitizer and chemical feed 
stocks that allow molecular control of excited-state electron transfer and chemical bond 
formation reactions. Reported herein are the first two elementary reaction steps with iodide 
that suggest the very real possibility of integrating them into one concerted step (Equation 
4.7).  
Scheme 4.1.Reactions of importance. Green box details two reactions of particular interest to generate 
hydrogen as an alternative fuel. Blue box details sensitizer chemistry and important iodide 
transformations in solution.  
2 H2O	 ⟶ 	2H2+	O2 
Equation 4.1 
2 HI ⟶ 	H2	+ I2 Equation 4.2 
 
S* +	I4 ⟶ S4	+	I• Equation 4.3 
I• +	I4 ⟶ 	I2




4	+ I4 Equation 4.5 
I3
4 ⇌ 	I2 + I
4 Equation 4.6 
S*+2I4	 ⟶ 	S4+ I2
•4 Equation 4.7 
Stopped-flow kinetic studies of iodide oxidation by transition metal compounds in 
aqueous solutions reveal two distinct reaction pathways.28–30 Both are first-order in metal 
oxidant, but with respect to iodide one is first-order and the other second-order.28–30 These 
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reactions were envisioned to yield an I• atom and diiodide, I2•–, respectively. Although these 
iodide oxidation products were not directly observed, the kinetic data reported for a wide 
variety of transition metal oxidants has enabled the establishment of linear free energy 
relationships for both reaction pathways that provide compelling evidence for their 
participation.29 
The metal-to-ligand charge transfer (MLCT) excited state of ruthenium polypyridyl 
complexes has been shown to oxidize iodide under a number of different conditions.31–35 
Mechanistic studies reveal that oxidation proceeds through a stepwise mechanism with a 
single I• intermediate, Equations 4.3 and 4.4. When iodide ion-pairs with these 
photosensitizers reaction Equation 4.3 is rapid and occurs in less than 10 ns.35,36 In collisional 
or dynamic quenching by iodide, rate constants near the diffusion limit were measured even 
when the free energy change was near zero.37 Moreover, ruthenium complexes bearing a 
ligand specifically designed to hydrogen bond with iodide38 or with high cationic charge,39 
were also shown to quantitatively oxidize iodide ions on a sub 10 ns time scale. 
In a recent communication, [Ru(dtb)2(tmam)]4+, where dtb is 4,4’-di-tert-butyl-2,2’-
bipyridine and tmam is 4,4’-bis(trimethylaminomethyl)-2,2’-bipyridine, was proposed to 
form {Ru4+:2I–}2+ ion-pairs in acetone in what have been termed ter-ionic complexes.40 The 
rate constants for reactions 4.3 and 4.4 within the photoexcited {Ru4+:2I–}2+ complex were 
found to be independent of the iodide concentration. This kinetic data clearly indicated that 
both electron transfer and bond formation reactions occurred within 200 ns of excitation of 
this pre-equilibrated ter-ionic complex. The data provided precedence for the futuristic 
possibility of utilizing ground state equilibrated structures to drive desired electron transfer 
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and bond forming reactions that directly produce solar fuels. For more information, see 
Section 4.7.  
 
Figure 4.1. The five ruthenium(II) polypyridyl complexes investigated in this study. The ruthenium 
complexes all shared one common 4,4’-bis(trimethylaminomethyl)-2,2’-bipyridine (tmam) ligand to 
promote ion-pairing with iodide, and two ancillary ligands that allowed tuning of the driving force for 
excited state electron transfer, 2,2’-bipyazine (bpz) or the sterics; 4,4’-di-tert-butyl-2,2’-bipyridine (dtb), 
4,4’-dimethyl-2,2’-bipyridine (dmb), 5,5’-dimethyl-2,2’-bipyridine (5,5’-dmb), and 4,4’-nonyl-2,2’-
bipyridine (nonyl). Note that numbers representing the hydrogen atoms are indicated on 
[Ru(dtb)2(tmam)]4+ on both the tmam and one dtb ligand. 
To test the generality of this communication and to investigate whether the intrinsic 
rate constant for I-I bond formation can be tuned at a molecular level, reported here is the 
photochemistry of four additional complexes that share one common tmam ligand and two 
ancilliary ligands used to tune the energetics (2,2’-bipyrazine (bpz)), or the steric 
environment (4,4’-dimethyl-2,2’-bipyridine (dmb), 5,5’-dimethyl-2,2’-bipyridine (5,5’-
dmb), and 4,4’-nonyl-2,2’-bipyridine (nonyl)). All of these complexes were found to form 
ter-ionic complexes, as demonstrated through 1H NMR and UV-Vis titrations. Significantly, 
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mechanistic studies revealed that excited state electron transfer as well as the subsequent I-I 
bond formation reaction were highly sensitive to the molecular details of the ter-ionic 
structure. It was indeed possible to tune the rate constants for iodide photo-oxidation and 
bond formation at the molecular level. 
4.2 Results 
The complexes investigated are shown in Figure 4.1, and their reduction potentials 
and excited-state lifetimes are summarized in Table 4.1. The synthesis and photophysical 
characterization of these complexes in the presence and absence of chloride as a non-redox 
active anion have been previously reported (Chapter 2).41 
4.2.1 Formation of the {Ru4+:2I-}2+ Ter-ionic Complexes 
The five complexes exhibited ground-state UV-Vis absorption spectra typical of 
ruthenium(II) polypyridyl complexes.42 In acetone solutions, marked spectral changes were 
observed upon the addition of tetrabutylammonium iodide (TBAI). Generally, the metal-to-
ligand (MLCT) absorption bands increased in intensity and shifted to higher energy as iodide 
was titrated into the solution. The one exception was [Ru(bpz)2(tmam)]4+, for which the 
MLCT increase in absorptivity was coupled with a bathochromic shift. No well-defined 
isosbestic points were maintained through the titrations. After approximately four equivalents 
of iodide were titrated, the visible absorption spectra measured became independent of the 
iodide concentration. Representative examples are shown in Figure 4.3a and Figure 4.4a for 
[Ru(bpz)2(tmam)]4+ and [Ru(dmb)2(tmam)]4+, respectively. The spectra obtained with the 
other complexes are gathered in Section 4.6.1 (Figures 4.7-4.10). The iodide-induced 
absorption changes around the MLCT absorption band were used to estimate two step wise 
124 
equilibrium constants, Keq1 and Keq2, for the successive association of the two iodide anions 
which are summarized in Table 4.1. 
Table 4.1.Relevant ground- and excited-state properties. Formal reduction potentials, excited-state 
lifetimes and stepwise equilibrium constants with iodide in acetone. 
Complex Ru4+/3+ 
(V vs NHE)a 
RuIII/II 
(V vs NHE)a 
Ru4+*/3+ 




(x 105 M–1) 
Keq2 
(x 104 M–1) 
[Ru(bpz)2(tmam)]4+ –0.50 2.10 1.59 1590 8.7±0.1 1.0±0.1 
[Ru(dtb)2(tmam)]4+ ~ –0.8 1.60 1.2 455 17±5 15 ±5 
[Ru(dmb)2(tmam)]4+ ~ –0.8 1.55 1.2 420 1.5±0.2 3±1
[Ru(5,5’-
dmb)2(tmam)]4+ 
~ –0.8 1.57 1.2 560 5±1 1.1±0.1 
[Ru(nonyl)2(tmam)]4+ ~ –0.8 1.50 1.2 455 8±2 1.1±0.1 
aValues from ref 41. 
Titrations of the complexes with TBAI were also monitored by 1H NMR, where 
diagnostic shifts in 1H resonances were observed with the addition of 0.25 equivalents of 
TBAI. Representative data for [Ru(dmb)2(tmam)]4+ is presented in Figures 4.2a,b and the 
corresponding data for the other complexes is available in Section 4.6.1 (Figures 4.11-4.15). 
The assignments of the aromatic resonances were determined by 1H COSY spectroscopy for 
all of the complexes. Importantly, the five complexes shared similar downfield shifts in the 
resonances associated with the tmam ligand upon the addition of iodide. The 3,3’ H atoms on 
the bipyridine rings of the tmam ligand, which in all complexes except [Ru(bpz)2(tmam)]4+ 
are the most acidic, displayed large downfield shifts (>1 ppm). In agreement with previously 
published results,39–41,43 the alkyl hydrogens on the methylene linker displayed a significant 
downfield shift with increased iodide concentration, as well as resolution of a roofed doublet 
at 1 equivalent of iodide; at higher iodide stoichiometries the doublet was less well resolved. 
Additionally, in the 1H NMR titration of [Ru(5,5’-dmb)2(tmam)]4+ with TBAI, the 5,5’ 
resonances on the tmam ligand displayed a small upfield shift at low iodide stoichiometries, 
but after ~1 equivalent of I– was present the resonance shifted downfield instead with 
additional iodide and saturated at a Dppm » 0.3 value (Figure 4.16). The other complexes 
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displayed only downfield shifts of comparable magnitude of the 5,5’ resonance on the tmam 
ligand throughout the iodide titrations. A representative example is shown for 
[Ru(dmb)2(tmam)]4+ in Figure 4.17.  
 
Figure 4.2. a) 1H NMR titration of [Ru(dmb)2(tmam)]4+ with up to 6 equiv. of TBAI in d6-acetone. b) The 
Dppm shift in the 1H resonance of the alkyl substituents on the ancillary ligands of [Ru(dmb)2(tmam)]4+, 
[Ru(dtb)2(tmam)]4+ and [Ru(5,5’-dmb)2(tmam)]4+ with increasing concentration of TBAI in d6-acetone. 
The 1H resonances associated with the ancillary ligands were also sensitive to the 
presence of iodide. A higher iodide to ruthenium stoichiometry was necessary to induced 
these spectral shifts than those associated with the tmam ligand, implying that this was a 
secondary site for iodide ion pairing. Due to the symmetry of the complexes, the 6 and 6’ H 
atoms on the ancillary ligands were inequivalent and gave rise to two distinct resonances, one 
of which shifted downfield with increased iodide concentration. The sensitivity of one 6 H 
atom coupled with the insensitivity of the second 6’ H to iodide indicates that the iodide 
preferentially interacted with the H-atoms pointed towards the tmam ligand and not with 
those directed toward the other ancillary ligand.  
The 1H NMR titrations also revealed clear evidence for iodide interactions with the 
alkyl substituents on the ancillary ligand 5,5’-dmb ligand. Initially, it was most instructive to 
compare the methyl substituents in the 5,5’ and the 4,4’ positions (Figure 2b). Two singlets at 
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2.56 and 2.57 ppm were identified for the CH3 groups of [Ru(dmb)2(tmam)]4+ while CH3 
singlets at 2.18 and 2.21 ppm were identified for [Ru(5,5’-dmb)2(tmam)]4+. Upon addition of 
iodide, upfield shifts of negligible magnitudes (< 0.01 ppm) were observed for the CH3 
resonances of [Ru(dmb)2(tmam)]4+. Interestingly, [Ru(5,5’-dmb)2(tmam)]4+ showed very 
different behavior. The resonance at 2.21 ppm exhibited a very small shift (0.03 ppm) upon 
iodide addition, whereas the second resonance at 2.18 ppm showed a more significant 
downfield shift (Dppm » 0.09). The resonances associated with the H atoms on the 9 carbon 
chains of the nonyl ancillary ligands were broad and there was no conclusive evidence for 
their interactions with iodide. The resonances associated with the tert-butyl groups were 
largely unaffected by the addition of iodide (Dppm < 0.01, Figure 2b). In the case of the bpz 
ancillary ligands no shifts of the 3,3’ resonances were noted in the presences of iodide. 
4.2.2 Photoluminescence Quenching.  
Excited-state quenching by iodide was observed for all the complexes. The quenching 
behavior was different for [Ru(bpz)2(tmam)]4+ and is presented first. The steady state 
photoluminescence intensity (PLI) decreased upon addition of iodide, Figure 4.3a. A decrease 
in both the excited state lifetime (t) and the initial amplitude, α, were quantified in pulsed 
laser experiments. Stern–Volmer plots of the ratio of lifetimes (t0/t) and the initial 
amplitudes (a0/a) were linear and provided the dynamic quenching constant (kq) and a 
ground state equilibrium constant (KSa) respectively, Equations 4.8 and 4.9. Plots of the 
PLI0/PLI ratio versus the free iodide concentration showed clear upward curvature (Figure 





Figure 4.3. a) UV-Vis absorption spectra of [Ru(bpz)2(tmam)]4+ upon the addition of up to 2 equiv. of 
TBAI in acetone. Inset shows the steady state PL for the same complex in acetone in the presence of up to 
2 equiv. of TBAI. b) Time-resolved PL decays for [Ru(bpz)2(tmam)]4+ with the addition of up to 2 equiv. 
of TBAI in acetone. Inset shows Stern-Volmer plots where the ratio of lifetimes is indicated in orange 
(squares) and the ratio of PLI in purple (circles). This is shown for the free iodide concentration, [I–]free. 
A summary of the Stern–Volmer analysis is given in Table 4.2. A titration up to 6 
equivalents with [Ru(bpz)2(tmam)]4+, which corresponded to ~98% of the PL quenched, 
showed the same quenching behavior and no indications of saturation of the quenching. 
𝜏H
𝜏
= 1 + 𝐾Y[𝑄] = 	1	 + 	𝑘NτH[Q] Equation 4.8 
𝛼H
𝛼
= 1 + 𝐾Kâ[𝑄] Equation 4.9 
𝑃𝐿𝐼H
𝑃𝐿𝐼
= 1 + (𝐾Y + 𝐾K)[𝑄] + (𝐾Y ×𝐾K)[𝑄], Equation 4.10 
Table 4.2. The parameters extracted from the Stern Volmer analysis of excited-state quenching by iodide. 
Complex KD/M–1 kq /M–1s–1 Ks/M–1  KSa /M–1s–1 
[Ru(bpz)2(tmam)]4+ 97,800 6.2 x 1010 283,000 232,000 
Excited-state quenching by iodide of the dialkyl-substituted-2,2’-bipyridyl complexes 
was markedly different. The steady state PLI decreased with iodide additions and was 
accompanied by a hypsochromic shifts (blue-shifts) that ranged from 16 nm (44 meV) for 
[Ru(5,5’-dmb)2(tmam)]4+ to 8 nm (21 meV) for [Ru(dmb)2(tmam)]4+ and the excited-state 
lifetime was quenched with negligible changes in the initial amplitude (Figures 4.4a and 
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4.18-4.20). Interestingly, the quenching stopped when 6-10 equivalents of iodide was added. 
For example, the excited-state quenching of [Ru(dmb)2(tmam)]4+* saturated at 6 equivalents 
of iodide whereas it required 10 equivalents in the case of [Ru(dtb)2(tmam)]4+*. Such 
behavior resulted in Stern–Volmer plots of (t0/t) and (PLI0/PLI) that saturated at high iodide 
concentrations, Figures 4.4b and 4.21.  
 
Figure 4.4. a) UV-Vis absorption spectra of [Ru(dmb)2(tmam)]4+ upon the addition of up to 8 equiv. of 
TBAI in acetone. Inset shows the steady state PL for the same complex in acetone in the presence of up to 
8.8 equiv. of TBAI. b) Time-resolved PL decays for [Ru(dmb)2(tmam)]4+ with the addition of up to 8.8 
equiv. of TBAI in acetone. Inset shows Stern-Volmer plots where the ratio of lifetimes is indicated in 
orange (squares) and the ratio of PLI in purple (circles). 
The overlaid fits in Figures 4.4b and 4.21 were based on a model (Equations 4.11 and 
4.12) that invoked the presence of three photoluminescent species. With each complex, the 
ter-ionic complex with measured excited-state lifetimes for [Ru(dtb)2(tmam)]4+, 
[Ru(dmb)2(tmam)]4+, [Ru(5,5’dmb)2(tmam)]4+ and [Ru(nonyl)2(tmam)]4+ of 100 ns, 160 ns, 
50 ns and 130 ns, respectively, the singly-ion-paired state that was dynamically quenched, 

















[𝑅𝑢] + [𝑅𝑢, 𝑄]𝑆 +	𝑘NY𝜏H[𝑄]
+ [𝑅𝑢, 2𝑄]𝑆ä + 𝑘N𝜏H
 
Equation 4.12 
The Stern–Volmer plots obtained for the four complexes were fit using a working 
model, Equation 4.11Equation 4.12, whose origins are further described in Section 4.6.6. In 
these equations, CRu is the total ruthenium concentration, kqD is the second order dynamic 
quenching rate constant of {Ru4+:I–}3+ by iodide, and kqi is the first-order intra-ionic 
quenching rate constant, i.e. the rate constant for electron transfer within the ter-ionic 
complex {Ru4+:2I–}2+. S and S’ are simplifying terms introduced in the derivation (see 
Section 4.6.6) to account for changes in the radiative (kr) and non-radiative (knr) rate 
constants associated with {Ru4+}, {Ru4+:I–} and {Ru4+:2I–}, respectively. 
Table 4.3. Dynamic (kqD) and intra-ionic (kqi) quenching rate constants of the indicated complexes with 
iodide. 
Complex kqD/M–1s–1 kqi/s–1 
[Ru(dtb)2(tmam)]4+ 9.9 x109 5.4 x106 
[Ru(dmb)2(tmam)]4+ 3.0 x1011 2.8 x106 
[Ru(5,5’-dmb)2(tmam)]4+ 2.7 x1011 1.95 x107 
[Ru(nonyl)2(tmam)]4+ 1.7 x1011 2.2 x106 
 
The diffusional quenching constants obtained in the Stern–Volmer analysis were on 
the order of 1011 M–1 s–1, which was near the calculated diffusion limited rate constant for 
these charged complexes and iodide in acetone, kdiff  = 4 x 1011 M–1 s–1. Values extracted from 
the Stern–Volmer fits are gathered in Table 4.3. 
4.2.3 Excited-state reactivity  
The excited-state quenching mechanisms were further investigated by nanosecond 
transient absorption spectroscopy. Pulsed 450 or 488 nm light excitation of the complexes 
revealed difference spectra consistent with MLCT excited-states that displayed two isosbestic 
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points between the ground and excited states, one at ~ 400 nm and the other between 520-
540 nm. The absorption spectra of the reduced complexes were determined by a previously 
described method (see Section 4.9.13 and Figures 4.22-4.26).44 The reduced spectra exhibited 
absorption bands between 480 and 540 nm and an intense absorption centered around 390 
nm. The absorption spectra of I2•– in acetone was found to be very similar to that previously 
reported in CH3CN, with an intense band centered around 380 nm and a broader, less intense 
absorption centered around 720 nm.26,38 The second-order rate constant for the formation of 
I2•– in acetone through the reaction of an iodine atom (I•) with an iodide ion was found to be 
3.1±0.3 x 1010 M–1s–1 as described in Section 4.9.12 (Figures 4.32 and 4.40). 
Pulsed-light excitation of ruthenium(II) solutions with excess iodide led to transient 
absorption changes that were monitored between 50 ns and 80 µs and these spectra are 
gathered in Section 4.6.4 (Figures 4.27-4.31). Transient absorption spectra revealed the 
growth of an absorption band between 480-540 nm, assigned to the monoreduced Ru 
complex as well as absorption features around 390-410 nm. The peak at shorter wavelengths, 
while partially described by monoreduced Ru complex, was also assigned in combination 
with a broader less intense absorption between 700 and 800 nm, as contributions from I2•–. 
Further mechanistic insights were garnered by kinetic measurements at the ground-state 
excited-state isosbestic points, where contributions from the excited state were minimized. 
Observation at 400 nm allowed the growth of I2•– to be quantified, while monitoring at the 




Table 4.4. Rate constants for formation of Ru3+, kRu,  and I2•–, kI. The green indicates low iodide 
concentration and the blue indicates high iodide concentration. 
Complex kRu/M–1 s–1 kI/M–1s–1 
[Ru(bpz)2(tmam)]4+ – 1.5 ± 0.2 x 1010 
[Ru(dtb)2(tmam)]4+ 2.5 ± 0.3 x 1010 1.7 ± 0.1 x 1010 
[Ru(dmb)2(tmam)]4+ 3.2 ± 0.5 x 1010 1.6 ± 0.2 x 1010 
[Ru(5,5’-dmb)2(tmam)]4+ 1.1 ± 0.2 x 1011 1.5 ± 0.6 x 1010 
[Ru(nonyl)2(tmam)]4+ 2.2 ± 0.3 x 1010 1.4 ± 0.1 x 1010 
Complex kRu/s–1 kI/s–1 
[Ru(dtb)2(tmam)]4+ 1.3 ± 0.1 x 107 1.2 ± 0.1 x 107 
[Ru(dmb)2(tmam)]4+ 1.0 ± 0.1 x 107 7.9 ± 0.5 x 106 
[Ru(5,5’-dmb)2(tmam)]4+ 2.9 ± 0.5 x 107 9.0 ± 0.2 x 106 
[Ru(nonyl)2(tmam)]4+ 1.0 ± 0.1 x 107 4.6 ± 0.7 x 106 
 
In the case of [Ru(bpz)2(tmam)]4+, the absorption assigned to the reduced Ru complex 
appeared within instrument response time at all iodide concentrations used (Figure 4.33), 
data consistent with kET > 108 s–1. In contrast, the transient absorption at 400 nm associated 
with I2•– was time-resolved and sensitive to the iodide concentration where a second-order 
rate constant of kI = 1.5 x 1010 M–1s–1 was obtained.  
In contrast, the mechanism for iodide photo-oxidation with the dialkyl-substituted-
2,2’-bipyridine complexes was different. At low iodide concentrations that corresponded to 
less than 10 equivalents, the formation of the reduced Ru complex and of I2•– were well 
separated in time and were sensitive to the iodide concentration.25 Representative data for 
[Ru(dmb)2(tmam)]4+ is shown in Figure 4.5a. Studies under pseudo first-order conditions, 
provided second-order rate constants for formation of both Ru3+ and I2•– that are given in 
Table 4.4 and in the green regions of Figure 4.6. 
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Figure 4.5. a) Absorption changes monitored at 400 nm (purple) and 510 nm (green) for [Ru(4,4’-
dmb)2(tmam)]4+ with 3 equiv. TBAI and the excited state decay (blue). b) Absorption changes monitored 
at 400 nm (purple) and 510 nm (green) for [Ru(4,4’-dmb)2(tmam)]4+ with 20 equiv. TBAI and the excited 
state decay (blue). Data for both plots were obtained using 488 nm light excitation (5.0 mJ/pulse). 
With greater than 6-10 equivalents of iodide the transient kinetics were no longer 
sensitive to the iodide concentration (Figure 4.6, blue regions). In this region the PL intensity 
and excited state lifetime were also insensitive to the iodide concentration. The reduced Ru 
complexes formed with the same rate constant as excited-state decay, indicating that it was a 
primary reaction product. In contrast, the rate constants for I2•– formation were consistently 
smaller indicating that I-I bond formation occurred in a secondary step. Although the four 
complexes all displayed this same general behavior, the rate constants for iodide oxidation 
and I-I bond formation were sensitive to the alkyl substituents. For example, electron transfer 
from iodide to the excited state was about 3 times faster when the methyl groups were in the 
5,5’ positions relative to the 4,4’-positions, 2.9 vs 1.0 x 107 s–1. In addition, after pulsed laser 
excitation the time required for I-I bond formation was ~80 ns for {[Ru(dtb)2(tmam)]4+:2I–}2+ 




Figure 4.6. The observed rate constants for formation of  the monoreduced complex (Ru3+), diiodide (I2•–) 
and for excited state decay for a) [Ru(dmb)2(tmam)]4+, b) [Ru(5,5’-dmb)2(tmam)]4+, c) 
[Ru(nonyl)2(tmam)]4+ and d) [Ru(dtb)2(tmam)]4+ with the iodide concentration. 
4.3 Discussion 
A long-term goal of this research is to identify catalysts that equilibrate with specific 
substrates in solution and form supramolecular assemblies where absorption of a solar photon 
will initiate electron transfer and bond formation reactions to release high energy chemical 
products. Such reactivity would ideally occur by a mechanism in which excited state electron 
transfer and bond formation occurred in one concerted step with minimal loss in free energy. 
As was discussed in Section 4.1, iodide is a more ideal starting point to investigate the 
possibility of such concerted excited-state reactivity.24,29 
a) b)
c) d)



















































































In order to overcome the Coulombic repulsion of two iodide ions, the strategy was to 
utilize the dicationic tmam ligand coordinated to a Ru(II) diimine complex in acetone, whose 
low dielectric constant (er= 21.01) promotes ion-pairing. The ancillary ligands were used 
mainly to tune the steric environment about the photocatalyst and, in the LL=bipyrazine 
(bpz) case, to tune the formal reduction potential. The spectroscopic data were consistent 
with the in-situ formation of a common ter-ionic structure with a 1:2 Ru:I– ratio, {Ru4+:2I–
}2+. The light driven reactivity within these structures did not result in the desired concerted 
reaction, but rather a sequential mechanism with excited-state electron transfer followed by 
subsequent I-I formation on the 80-220 ns time scale. Significantly, when LL was a di-alkyl 
substituted bipyridine ligand, only those iodide ions within the ter-ionic complex were found 
to react by a first-order intra-ionic reaction mechanism. In other words, there was no 
evidence for bimolecular reactivity with solvated iodide ions. The only exception to this was 
[Ru(bpz)2(tmam)]4+* when the thermodynamic driving force for the reaction was large. 
Below we discuss this reaction chemistry beginning with a proposed structure of the ter-ionic 
complexes, followed by a discussion of the [Ru(LL)2(tmam)]4+* excited state electron 
transfer and bond forming reactivity.  
4.3.1 Proposed Ter-ionic Structure 
Coulombic attraction and H-bonding have previously been used to associate halide 
ions with transition metal complexes in organic solvents.25,45,46 Here, the titration of iodide 
into acetone solutions of [Ru(LL)2(tmam)][PF6]4 led to spectroscopic signatures consistent 
with stepwise formation of 1:1 and 1:2 Ru4+:I– adducts. The non-covalent association of the 
iodide ions was mainly electrostatic, as the ter-ionic structures were absent when > 50 mM 
concentrations of an inert salt like tetrabutylammonium perchlorate (TBAClO4) was present. 
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Iodide titrations with UV-visible spectroscopic assays revealed the presence of 
multiple equilibria as evidenced by the lack of clean isosbestic points. Iodide induced small 
spectral changes to the metal-to-ligand charge transfer (MLCT) absorption spectra of the 
complexes, indicating that the light harvesting under AM 1.5 solar irradiation was not greatly 
perturbed, but were significant enough to be quantified. A minimum of two equilibrium 
constants were necessary to model the spectral titration data with equilibrium constants that 
varied by roughly a factor of ten, K1  » 105 M–1 and K2 » 104 M–1, with the exception of 
[Ru(dtb)2(tmam)]4+ for which both equilibrium constants were an order of magnitude larger. 
This order of magnitude difference in the equilibrium constants had implications for the 
excited state reactivity described below.  
Titrations in deuterated acetone with a 1H NMR assay was utilized to identify the 
location of the iodide ions with respect to the ruthenium complexes. The spectral data 
measured with up to one equivalent of iodide is discussed here first. The most significant 
downfield shift was to the singlet resonance associated with the 3 and 3’ H atoms of the 
pyridine rings in the tmam ligand. These are the most acidic H atoms in the complexes with 
the di-alkyl substituted ancillary ligands and the downfield shift was consistent with iodide 
H-bonding and elongation of the C-H bonds.47 The continual shift in this resonance at less 
than one equivalent of iodide indicated fast iodide exchange on the NMR time scale. The H 
atoms on the methylene group that link the quaternary amines to the pyridine rings of the 
tmam ligand were also highly perturbed. As the Ru complexes are chiral, these H atoms are 
diastereotopic, yet initially appear as a singlet. They shift downfield and split into two 
resolved roofed doublets at one equivalent of iodide. This behavior is reminiscent of 
[Ru(4,4’-(CH3CH2CO2)2-2,2’bipyridine)2(tmam)]4+, where a similar splitting pattern was 
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observed with iodide and an iodide binding ‘pocket’ was identified.39 In this previous study 
the measurements were made in the more polar CD3CN, and only the 1:1 adduct was 
observed with iodide, whereas here acetone provided evidence for interactions with a second 
iodide ion, Scheme 4.2.  
Scheme 4.2. Ion-pair structures. Showing ion-pairing interactions with [Ru(dmb)(tmam)]4+ in acetone 
solution. The shaded red area indicates where minimal interaction with iodide is expected based on 
spectroscopic evidence. The purple spheres indicate potential binding sites for the iodide. 
 
With greater than one equivalent of iodide titrated, the 3 and 3’ H atoms of the tmam 
ligand continued to shift downfield, sharpen, and become insensitive to additional iodide, 
while the -CH2- roofed doublet was lost and gave way to a more complex pattern, attributed 
to electrostatic interactions with a second iodide ion. The 5,5’ and 6,6’ H atoms of the tmam 
ligands also showed downfield shifts. Interestingly, the H atoms in the 5 and 6 positions of 
the ancillary LL ligands directed toward the tmam ligand also shifted downfield. Importantly 
the symmetry of the tmam bipyridine resonances was maintained throughout the titration 
indicating that either the iodide ion rapidly exchanged between the two sides of the tmam 
ligand or that a third iodide ion was present. While the latter explanation cannot be fully 
ruled out, there was no compelling evidence for a third iodide in any of the spectroscopic or 
kinetic data. The resonances associated with the alkyl groups in the 4 and 4’ positions of 
bipyridine were unaffected by iodide with the exception of the methyl resonances of the 5,5’-
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(CH3)2-bipyridine ligand, which showed a 0.09 ppm shift for one 5-methyl group. These 
resonances saturated at greater than 4 equivalents of iodide.  
Natural bond order analysis through DFT and Coulomb’s law calculations showed 
large stabilization in free energies of both the first tmam, ~450 meV (43 kJ mol–1) and 
second, ~230 meV (22 kJ mol–1) binding site, Figure 4.42. Similar stabilization energies were 
extracted from the UV-Visible titration data, where the first binding event provided a 
stabilization of 32±3 kJ mol–1 (~350 meV) whereas the second iodide equilibrium constant 
yielded 26±3 kJ mol–1 (~260 meV).  
Taken together the spectral titration and DFT data provide a detailed description of 
the ter-ionic complexes. The first iodide H bonds with the aromatic and methylene H atoms 
of the tmam ligand and is stabilized by the quaternary amines in a binding ‘pocket’, behavior 
that is consistent with previous studies in acetonitrile.39 The second iodide resides proximate 
to the tmam ligand and is stabilized by H-bonding to the aromatic rings of the tmam and 
ancillary ligands as is shown (Scheme 4.2). Consistent with this assignment, the 5-methyl 
group of 5,5’-(CH3)2-2,2’-bipyridine ligand that is pointed directly toward the second 
proposed iodide ion displayed convincing evidence for iodide interactions. There was no 
compelling evidence for iodide interactions in the shaded red area in Scheme 4.2.  
4.3.2 Excited State Electron Transfer and I-I Bond Formation Mechanisms 
The mechanism for excited-state electron transfer for [Ru(bpz)2(tmam)]4+ was 
distinctly different from that of the other complexes. Even with less than one equivalent of 
iodide, [Ru(bpz)2(tmam)]4+ was shown to photo-oxidize iodide by a static (ket > 108 s–1) 
mechanism. There was no evidence for such rapid excited-state electron transfer with the 
other complexes. A key difference in the MLCT excited state structure is that electron density 
localized on the bpz ligand, whereas it localized on the tmam ligand in the other complexes. 
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More significantly, the [Ru(bpz)2(tmam)]4+ is more potent photo-oxidant by about 400 meV, 
Eo(Ru4+*/3+) = 1.59 V vs NHE.41 The reduction potential of the iodine atom in acetone is 
unknown and the accepted value in CH3CN is Eo(I•/–) = 1.23 V. Hence even with 350 meV of 
stabilization in the tmam pocket, iodide photo-oxidation is thermodynamically favored 
whereas, it is uphill for the other complexes. The Stern–Volmer plots of iodide quenching of 
[Ru(bpz)2(tmam)]4+* follows classical upward curvature, with a dynamic rate constant near 
the diffusion limit. 
Scheme 4.3. Proposed mechanism for iodide photo-oxidation by [Ru(bpz)2(tmam)]4+. The difference in 
excited-state localization and driving force for photo-initiated electron transfer allows for oxidation of the 
iodide in the tmam pocket, in spite of the stabilization of iodide upon ion pairing. 
 
The alkyl substituents on the bipyridine ligands were found to tune both the excited 
state electron transfer and the subsequent I-I bond formation rate constants within the ter-
ionic complexes. The excited-state reactivity that accompanied iodide titrations was novel 
and quite different from that described for the [Ru(bpz)2(tmam)]4+ complex. Evidence for 
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both static and dynamic quenching were apparent at low iodide concentrations. However, at 
greater than 6-10 equivalents of iodide there was no further quenching of the excited state 
lifetime or the PL intensity. Such behavior appeared as a saturation or plateau in standard 
Stern-Volmer plots. This result was surprising as the excited state lifetime was long (> 50 ns) 
under the conditions such that further collisional quenching was expected, yet there was no 
evidence for this. A definite explanation for this is lacking, but data indicated that collisional 
encounters of the excited ter-ionic complexes with iodide did not result in formation of an 
encounter complex that allowed electron transfer.48 Below we discuss light induced electron 
transfer within the ter-ionic complexes. 
Light excitation of the ter-ionic complexes resulted in rapid electron transfer and 
generation of an iodine atom and the reduced ruthenium complex. The second iodide ion, 
located closer to the metal center, is proposed to be oxidized, as dynamic quenching of the 
excited state was presumed to be dependent on an iodide present in the tmam pocket in the 
{Ru4+:I–}3+ species. This was a result of no quenching being observed when ion pairing was 
precluded by the addition of 50 mM inert salt (TBAClO4). The second iodide, closer to the 
metal center, is also expected to be more easily oxidized based on the equilibrium constants. 
In addition, the excited-state electron transfer rate constant was about three times faster for 
{[Ru(5,5’-dmb)2(tmam)]4+:2I–}2+ than for the other alkylated ruthenium(II) complexes. Here, 
the methyl group pointed toward the iodide and the 1H NMR showed significant interactions 
suggesting stronger electronic coupling than in the other complexes. 
The ancillary ligands also had an influence on the rate constants for I-I bond 
formation, that occurred 80 to 220 ns after light excitation, for the different complexes. 
Density functional theory calculations optimized ground-state structures placed the two 
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iodides 5.8±0.2 Å apart, which is much greater than the 3.1 Å bond distance of I2•–. After 
excited-state electron transfer, the electron localized on the tmam ligand in the reduced 
complex and was expected to repel the iodide ion in the tmam pocket. 
Scheme 4.4. Proposed mechanism for iodide photo-oxidation the alkyl substituted complexes. The second 
iodide ion, which is expected to be more easily oxidized, undergoes excited-state electron transfer and 
forms an iodine ion. The iodine atom then has to move over to the iodide in order to form the diiodide 
bond and the rate of the I-I bond formation step is tuned over a three-fold difference by the substitution 
on the ancillary ligands. 
 
Control experiments showed that this repulsion was not strong enough to induce 
iodide release, as has been observed in other supramolecular assemblies.49 Nevertheless, DFT 
calculations did show evidence for migration of the iodide away from the equilibrium 
position in the pocket. However, this Coulombic repulsion was expected to be the same for 
all four ter-ionic complexes and did not account for the ~3-fold difference in rate of I-I bond 
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formation. The differences observed in the rate constants between the four complexes were 
of particular interest, as light-induced reactivity was initiated by complexes forming the same 
ground-state ter-ionic structures. 
The trend observed for I-I bond formation was as follows: bulky dtb substituents on 
the ancillary ligands resulted in I-I bond formation in 80 ns whereas with long nonyl chains 
the bond formation took 220 ns. Methyl substituents, whether in the 4,4’ or 5,5’ position, lead 
to I-I bond formation in about 100 ns. The faster I2•– formation with {[Ru(dtb)2(tmam)]4+:2I–
}2+ suggested that the bulky tert-butyl groups directed the iodine radical toward the iodide 
anion located in the tmam pocket. The slower I2•– formation with {[Ru(nonyl)2(tmam)]4+:2I–
}2+ was suggestive of stabilization of the iodine atom by the long alkyl chains.50,51 Finally, 
both {[Ru(4,4’-dmb)2(tmam)]4+:2I–}2+ and {[Ru(5,5’-dmb)2(tmam)]4+:2I–}2+ exhibited similar 
I-I bond formation rates. As these groups neither provided much steric bulk to increase the 
rate of I-I bond formation nor stabilized I• by favorable interactions that would decrease the 
rate of I-I bond formation, they demonstrated an intermediate rate of I-I bond formation. 
4.4 Conclusion 
In conclusion, the excited-state reactivity of five tetracationic ruthenium(II) 
complexes designed to promote electron transfer and I-I bond formation in supramolecular 
assemblies were quantified. All complexes showed evidence for ter-ionic structures with 
iodide that led to stabilization of the iodide anion by 32±3 kJ mol–1 in the tmam binding 
pocket and 26±3 kJ mol–1 in the second binding position. Amongst these complexes, two 
different excited-state electron transfer mechanisms were demonstrated. The first mechanism 
was operative with [Ru(bpz)2(tmam)]4+* that possessed sufficient driving force to oxidize the 
stabilized iodide located in the tmam binding pocket. The second mechanism was consistent 
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with an intra-ionic excited-state quenching where excited-state electron transfer and I-I bond 
formation occurred within the ter-ionic complex. The I-I bond formation rate constants were 
shown to be sensitive to substitutions on the ancillary ligands of the complexes, where large 
bulky substituent led to faster I-I bond formation whereas long alkyl chains slowed it down. 
Altogether, these results highlighted the ability to control and fine-tune excited-state 
reactivity of charged species, which could be transferred to other reactive species and utilized 
to transform solar energy into chemical energy in form of chemical bonds.  
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4.6 Additional Content – Data and derivation 
4.6.1 Titrations with TBAI 
 
Figure 4.7. The UV-visible absorption spectra of [Ru(bpz)2(tmam)]4+ in acetone with between 0 and up to 
9 equivalents of TBAI. The inset shows the same data with the absorption spectrum in the absence of 
TBAI subtracted. 
 
Figure 4.8. The UV-visible absorption spectra of [Ru(dtb)2(tmam)]4+ in acetone with between 0 and up to 
10 equivalents of TBAI. The inset shows the same data with the absorption spectrum in the absence of 
TBAI subtracted. 
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Figure 4.9. The UV-visible absorption spectra of [Ru(5,5’-dmb)2(tmam)]4+ in acetone with between 0 and 
up to 4 equivalents of TBAI. The inset shows the same data with the absorption spectrum in the absence 
of TBAI subtracted. 
 
Figure 4.10. The UV-visible absorption spectra of [Ru(nonyl)2(tmam)]4+ in acetone with between 0 and up 
to 6 equivalents of TBAI. The inset shows the same data with the absorption spectrum in the absence of 
TBAI subtracted. 
















































































Figure 4.11. The 1H NMR spectra of 200 µM [Ru(bpz)2(tmam)](PF6–)4 d6-acetone solution with the 
indicated number of TBAI equivalents showing the aromatic region.  
 
Figure 4.12. The 1H NMR spectra of 200 µM [Ru(bpz)2(tmam)](PF6–)4 d6-acetone solution with the 
indicated number of TBAI equivalents showing the methylene hydrogens on tmam ligand.  























Figure 4.13. The 1H NMR spectra of 500 µM [Ru(dtb)2(tmam)](PF6–)4 d6-acetone solution with the 
indicated number of TBAI equivalents showing the aromatic region.  
 
Figure 4.14. The 1H NMR spectra of 500 µM [Ru(dtb)2(tmam)](PF6–)4 d6-acetone solution with the 
indicated number of TBAI equivalents showing the methylene hydrogens on tmam ligand.  





































Figure 4.15. The 1H NMR spectra of [Ru(5,5’-dmb)2(tmam)]4+ with TBAI showing both aromatic region 
and methylene hydrogens of the tmam ligand. Experiment performed using a 500 µM [Ru(5,5’-
dmb)2(tmam)]4+solution in d6-acetone titrated with up to 8.0 equivalents of TBAI.  
 
Figure 4.16. The chemical shifts of the indicated 1H NMR resonances for [Ru(5,5’-dmb)2(tmam)]4+ 
plotted against the number of TBAI equivalents. The chemical shift in dppm of the indicated 1H 
resonances of 500 µM [Ru(5,5’-dmb)2(tmam)]4+ upon titration with up to 8 equivalents of TBAI shown 
between a) 7.6 and 10.1 dppm and b) 7.6 and 8.8 dppm. Note that the dppm in figure b) is a much 
narrower range than figure a). 
 

























































Figure 4.17. The chemical shifts of the indicated 1H NMR resonances for [Ru(dmb)2(tmam)]4+ plotted 
against the number of TBAI equivalents. The chemical shift in dppm of the indicated 1H resonances of 
500 µM [Ru(4,4’-dmb)2(tmam)]4+ upon titration with up to 6 equivalents of TBAI shown between a) 7.2 
and 10.2 dppm and b) 7.3 and 8.85 dppm. Note that the dppm in figure b) is a much narrower range than 
figure a). 
4.6.2 Excited-state Quenching 
 
Figure 4.18. Time-resolved PL decays measured after pulsed 445 nm light excitation of 
[Ru(dtb)2(tmam)]4+* in acetone with the addition of up to10 equivalents of TBAI. The inset shows the 
steady state photoluminescence spectra for the same solutions.  
a) b)









































































Figure 4.19. Time-resolved PL decays measured after 445 nm pulsed light excitation of [Ru(5,5’-
dmb)2(tmam)]4+ in acetone with the addition of up to10.6 equivalents of TBAI. The inset shows the steady 
state photoluminescence spectra for the same solutions.  
 
Figure 4.20. Time-resolved PL decays measured after 445 nm pulsed light excitation of 
[Ru(nonyl)2(tmam)]4+ in acetone with the addition of up to10.5 equivalents of TBAI. The inset shows the 
steady state photoluminescence spectra for the same solutions.  
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Figure 4.21. Stern-Volmer plots showing the ratios of lifetimes in orange (squares) and the ratios of PLI 
in purple (circles) for a) [Ru(5,5’-dmb)2(tmam)]4+ with the addition up to 10.6 equiv. of TBAI, b) 
[Ru(nonyl)2(tmam)]4+ with the addition of up to 10.5 equiv. of TBAI, and [Ru(dtb)2(tmam)]4+ with the 
addition of up to 10 equiv. of TBAI, all in acetone 
4.6.3 Spectra of Mono-reduced Complexes 
 
Figure 4.22. Transient absorption difference spectrum measured 500 ns after 532 nm pulsed nanosecond 
laser light excitation (1.5 mJ/pulse) of [Ru(bpz)2(tmam)]4+ with MeO-TPA in acetone. The positive 
feature around 500 nm was assigned to the monoreduced species [Ru(bpz)2(tmam)]3+. 




















































































Figure 4.23. Transient absorption difference spectrum measured 1 µs after 532 nm pulsed nanosecond 
laser excitation (1.5 mJ/pulse) of [Ru(dtb)2(tmam)]4+ with MeO-TPA in acetone. The positive feature 
around 520 nm was assigned to the monoreduced species [Ru(dtb)2(tmam)]3+. 
 
 
Figure 4.24. Transient absorption difference spectrum measured 500 ns after 532nm pulsed nanosecond 
laser excitation (1.4 mJ/pulse) of [Ru(dmb)2(tmam)]4+ with MeO-TPA in acetone. The positive feature 
around 520 nm was assigned to the monoreduced species [Ru(dmb)2(tmam)]3+.  































Figure 4.25. Transient absorption difference spectrum measured 500 ns after 532nm pulsed nanosecond 
laser excitation (1.4 mJ/pulse) of [Ru(5,5’-dmb)2(tmam)]4+ with MeO-TPA in acetone. The positive 
feature at 500 nm was assigned to the monoreduced species [Ru(5,5’-dmb)2(tmam)]3+. 
 
Figure 4.26. Transient absorption spectrum measured 500 ns after 532nm pulsed nanosecond laser 
excitation (1.4 mJ/pulse) of [Ru(nonyl)2(tmam)]4+ with MeO-TPA in acetone. The positive feature at 510 
nm was assigned to the monoreduced species [Ru(nonyl)2(tmam)]3+.  





































4.6.4 Transient Absorption Spectra with Iodide 
Figure 4.27. Transient absorption difference spectra measured after 532 nm pulsed nanosecond laser 
excitation (1.1 mJ/pulse) of [Ru(bpz)2(tmam)]4+ with excess TBAI in acetone. The spectra were recorded 
50 ns and up to 20 µs after pulsed excitation. 
Figure 4.28. Transient absorption difference spectra measured after 532 nm pulsed nanosecond laser 
excitation (1.1 mJ/pulse) of [Ru(dtb)2(tmam)]4+ with excess TBAI in acetone. The spectra were recorded 
100 ns and up to 80 µs after pulsed excitation. 







































Figure 4.29. Transient absorption difference spectra measured after 488 nm pulsed nanosecond laser 
excitation (5.1 mJ/pulse) of [Ru(dmb)2(tmam)]4+ with excess TBAI in acetone. The spectra were recorded 
200 ns and up to 80 µs after pulsed excitation. 
Figure 4.30. Transient absorption difference spectra measured after 488 nm pulsed nanosecond laser 
excitation (5.1 mJ/pulse) of [Ru(5,5’-dmb)2(tmam)]4+ with excess TBAI in acetone. The spectra were 
recorded 100 ns and up to 80 µs after pulsed excitation. 












































Figure 4.31. Transient absorption difference spectra measured after 488 nm pulsed nanosecond laser 
excitation (5.2 mJ/pulse) of [Ru(nonyl)2(tmam)]4+ with excess TBAI in acetone. The spectra were 
recorded 200 ns and up to 80 µs after pulsed excitation. 
4.6.5 Kinetic measurements  
 
Figure 4.32. Absorption changes for diiodide formation monitored at 705 nm after 355 nm pulsed laser 
excitation (9.0 mJ/pulse) of TBAI3 with increasing concentrations of TBAI in acetone.  



































Figure 4.33. Absorption changes measured at 400 nm (purple) and 500 nm (green) for 
[Ru(bpz)2(tmam)]4+ with 1 equiv. TBAI and the excited state decay (blue). Data were obtained using 450 
nm light excitation (4.1 mJ/pulse). 
4.6.6 Derivation of Equation 4.11 and Equation 4.12 – Modified Stern-Volmer 
Modified Stern–Volmer models were developed to fit the unusual quenching behavior 
of the complexes considered in this chapter. This is the current working model. Consider the 
following stepwise equilibria: 
Ru + I– ⇄ {Ru,I–} with 𝐾Î =
[{Cç,Íè}]
[Cç][Íè]
 Equation 4.13 
{Ru,I–} + I– ⇄ {Ru,2I–} with 𝐾, =
[{Cç,,Íè}]
[{Cç,Íè}][Íè]
 Equation 4.14 
The total concentrations of Ru (CRu+) and I– (CI) are:  
𝐶ÊË =	 [Ru] 	+	[Ru, I] 	+ 	[Ru, 2I] Equation 4.15 
𝐶Í = 	 [I] 	+	[Ru, I] 	+ 	2[Ru, 2I] Equation 4.16 




 Equation 4.17 
 
 

























[𝑅𝑢, 𝐼] = 	𝐾Î[𝑅𝑢][𝐼] Equation 4.18 
[𝑅𝑢, 2𝐼] = 	𝐾Î𝐾,[𝑅𝑢][𝐼], Equation 4.19 
𝐶ÊË = 𝐶 = 	 [Ru] + 	𝐾Î[𝑅𝑢][𝐼] +	𝐾Î𝐾,[𝑅𝑢][𝐼], Equation 4.20 
𝐶Í = 𝑅𝐶 = 	 [I] +	𝐾Î[𝑅𝑢][𝐼] + 	2𝐾Î𝐾,[𝑅𝑢][𝐼], Equation 4.21 
From Equation 4.20: 
[𝑅𝑢] = 	
𝐶
1 +	𝐾Î[𝐼] + 	𝐾Î𝐾,[𝐼],
 Equation 4.22 
From Equation 4.21: 






 Equation 4.23 
Rearrange: 
0 = ([𝐼] − 𝑅𝐶)(1 +	𝐾Î[𝐼] + 	𝐾Î𝐾,[𝐼],) + 𝐾Î[𝐼]𝐶	 + 2𝐾Î𝐾,[𝐼],𝐶 Equation 4.24 
0 = −𝑅𝐶 + [𝐼](1 +	𝑅𝐶𝐾Î + 	𝐶𝐾Î) + [𝐼],(𝐾Î − 𝑅𝐶𝐾Î𝐾, + 2𝐶𝐾Î𝐾,) 
+[𝐼]*𝐾Î𝐾, 
Equation 4.25 
Equation 4.25 can be solved to determine the free concentration [I–] and the 
concentrations of Ru4+, {Ru4+,I–}3+, {Ru,2I–}2+ and at any given iodide concentration. This 
equation was then used to derive Equation 4.11 and Equation 4.12 in the manuscript. 
4.6.6.1 Derivation of Equation 4.11: 
The photoluminescence intensity of the singly ion-paired {Ru4+,I–}3+ was dependent 
on the iodide concentration (dynamic quenching with quenching rate constant kqD) and the 
ter-ionic complex {Ru,2I–}2+ was quenched in an intra-ionic fashion, with a quenching rate 
constant kqi.  
 
 158 
𝑃𝐿𝐼 = 𝐼ÊË[𝑅𝑢] + 𝐼ÊËÍ[𝑅𝑢, 𝐼] +	 𝐼ÊË,Í[𝑅𝑢, 2𝐼] Equation 4.26 
S and S’ were introduced to account for excited state decay rate, kr, which was also 
affected by ion pairing. These terms allowed to account for any changes in kr due to ion-
pairing and the equation was simplified by assuming that knr was correspondingly affected 
(and did not correspond to quenching). It was established:  
𝑘:	(ÊË) = 	 𝑘:  Equation 4.27 
𝑘:	(ÊËÍ) = 	𝑆𝑘:  Equation 4.28 
𝑘:	(ÊË,Í) = 	𝑆′𝑘:  Equation 4.29 
 





𝑆(𝑘: + 𝑘<:) + 𝑘NY[𝐼]
+	
𝑆′𝑘:[𝑅𝑢, 2𝐼]
𝑆′(𝑘: + 𝑘<:) + 𝑘N
 Equation 4.30 
Given: 
(𝑘: + 𝑘<:) = 	
1
𝜏H
 Equation 4.31 
Therefore: 










𝐶ÊË = 𝑘:𝜏H𝐶ÊË  Equation 4.33 











4.6.6.2 Derivation of Equation 4.12: 
The average excited-state lifetime was assumed to be equal to the weighted sum of 
























𝑆′(𝑘: + 𝑘<:) + 𝑘N
 Equation 4.35 
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[𝑅𝑢] + [𝑅𝑢, 𝐼]𝑆 +	𝑘NY𝜏H[𝐼]
+ [𝑅𝑢, 2𝐼]𝑆ä + 𝑘N𝜏H
 
Equation 4.12 
The data presented in this chapter were fit using these equations according to a 
“global fit” were both I0/I and t0/t are fit at the same time with sharing parameters such as 
K1, K2, kqD, kqi and allowing S and S’ to float. 
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4.7 Additional Content - Ter-Ionic Complex that Forms a Bond Upon Visible Light 
Absorption5 
4.7.1 Introduction 
Supramolecular chemistry, where chemical species are held together through non-
covalent interactions, has impacted the fields of host−guest chemistry,52–54 chromatography,55 
catalysis56,57 and artificial photosynthesis.58 In natural and artificial photosynthesis, light 
absorption and catalysis are separate processes,59–68 yet integration into one could potentially 
be more efficient and require fewer materials. In a move toward this goal a tetra-cationic 
ruthenium polypyridyl chromophore, [Ru(dtb)2(tmam)]4+ (here Ru4+), where dtb is 4,4′-di-
tert-butyl-2,2′-bipyridine and tmam is 4,4′-bis-(trimethylaminomethyl)-2,2′-bipyridine 
(Figure 4.34), was ion-paired with iodide ions in acetone solution. 1H NMR, UV−Vis and 
density functional theory (DFT) data revealed that two iodides ion-paired with Ru4+, one 
associated with the tmam ligand and the second was closer to the Ru metal center. Classical 
Stern−Volmer analysis revealed upward curvature with saturation at high iodide 
concentrations, behavior consistent with a mechanism where electron transfer forms an 
iodine atom that reacts with iodide to yield a covalent I−I bond within the ter-ionic 
complex.29,30 Hence, supramolecular chemistry allowed two reactants to be brought into 
contact with a visible light absorbing chromophore, which upon light excitation yielded 
chemical bonds of relevance to solar energy conversion. 
The Ru4+ complex was designed to include two important structural features: (1) a 
dicationic tmam ligand that has previously been shown to possess an iodide binding 
pocket;39,43 and (2) two ancillary dtb ligands that encouraged the iodide ions to ion-pair 
5This work was previously published in the Journal of American Chemical Society with contributions from S. 
A. M. Wehlin, L. Troian-Gautier, R. N. Sampaio, L. Marcélis, G. J. Meyer. Reprinted with permission.
Copyright 2018 American Chemical Society.
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proximate to the tmam pocket. The excited-state reduction potential was also tuned with the 
electron donating alkyl substituents in the 4 and 4′ position of the 2,2′-bipyridine ancillary 
ligands that decreased the oxidizing strength of the excited state.  
4.7.2 Results and Discussion 
Iodide titration into an acetone solution of Ru4+ with an 1H NMR assay provided 
atomistic information on the ion-pair structure. Iodide additions induced dramatic upfield 
shifts of the 3 and 3′ H atom resonances associated with the tmam ligand, which were the 
most acidic in the complex, with no significant change to the 3,3′-H resonances of the dtb 
ligands, Figure 4.34d. The roofed-doublet pattern for the methylene H atoms has been 
previously reported and is fully consistent with the presence of an iodide in the tmam pocket, 
Figure 4.34e.39,43 A second site for iodide interaction was identified through a large upfield 
shift of the 5 and 6 H atoms of the dtb ligand consistent with association of a second iodide 
near the Ru center. DFT calculations predicted a very similar optimized structure with one 
iodide in the tmam pocket and the other about 5.8 Å away, between the diimine ligands and 
more proximate to the Ru metal center (Figure 4.34e). 
The visible absorption spectrum of Ru4+ displayed a metal-to-ligand charge transfer 
(MLCT) absorption band near 450 nm (Figure 4.34a).42 The addition of iodide resulted in a 
small blue shift and increase of this band and a substantial increase in the absorbance at 330 
nm. Titration data were best described with two equilibrium constants Keq 1 = 1.7 ± 0.5 × 106 
M−1 and Keq 2 = 1.5 ± 0.5 × 105 M−1 corresponding to the singly and doubly iodide paired 
species, respectively. Importantly, the 10-fold difference in equilibrium constants had 
implications for the excited-state reactivity described below. For example, almost equal 
concentrations of the two ion-paired species were present with 3 equiv of iodide, while 
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nearly complete conversion to the more interesting doubly ion paired species required greater 
than 10 equiv of iodide (Section 4.8, Figure 4.38). 
 
Figure 4.34. a) The UV-vis absorption spectrum of Ru4+ upon titration of TBAI in acetone. The inset 
shows the change in ground state absorption at 460 nm for Ru4+ upon titration of TBAI. The 
photoluminescence (PL) spectra of Ru4+ in acetone at room temperature (red) and in butyronitrile at 77K 
(blue) are also shown. b) Time-resolved PL decays of Ru4+* (10 µM) with the addition of up to 15 
equivalents of TBAI. Inset shows the corresponding steady-state PL spectra with the addition of up to 15 
equivalents of TBAI. c) Stern-Volmer analysis of the data in b) with fit overlaid according to a modified 
Stern-Volmer equation. d) 1H NMR spectra of Ru4+ in deuterated acetone (black). Each circle represents 
the chemical shifts observed upon titration of TBAI between 0 equivalent (bottom) and 5 equivalent (top) 
in deuterated acetone. e) Ru4+ ion paired with two iodides in positions consistent with 1H NMR spectral 
shifts. 3D rendering of the DFT optimized structure has been added to guide the eye. 
Light excitation into the MLCT band resulted in room temperature 
photoluminescence (PL) with a maximum at 685 nm. The PL spectrum measured at 77K was 
modeled with a Franck−Condon line-shape analysis69,70 that provided an estimate of the 
Gibbs free energy stored in the excited state ΔGES = 1.98 V. With this value and the first 
reduction potential of the complex at ~ −0.77 V vs NHE, the excited-state reduction potential 
was estimated to be (E°(Ru4+*/3+) = 1.2 V vs NHE), which is within 30 mV of the accepted 
reduction potential of iodide E°(I−/•) = 1.23 V vs NHE.71 
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Novel excited-state quenching behavior was observed in iodide titration experiments. 
The PL spectra were found to slightly blue-shift by 15 nm, which corresponded to 30 meV. 
Furthermore, the PL spectra decreased in intensity when up to 10 equivalents of iodide were 
added, after which the spectra were largely insensitive to additional iodide, Figure 4.34b. 
Time resolved PL decays measured after pulsed light excitation were exponential, τ0= 450 ns, 
and the lifetimes decreased with added iodide and again saturated at 120 ns when >10 
equivalents were present. Interestingly, no excited-state quenching was observed in 50 mM 
tetrabutylammonium perchlorate (TBAClO4) acetone solutions corroborating the importance 
of the supramolecular iodide ion-paired complex (Section 4.8, Figure 4.39).  
Stern−Volmer plots of the quenching data are shown in Figure 4.34c that reveal 
upward curvature followed by saturation at high iodide concentrations. Such upward 
curvature is often invoked when both static and dynamic (diffusional) quenching are 
operative. In the classic model, the “static” component corresponds to a ground state adduct 
that is completely nonluminescent.72,73 In contrast, the adduct formed here is luminescent 
with a lifetime of 120 ns. The overlaid red curve was based on the presence of three 
photoluminescent species that are as follows: (i) the initial complex with an excited-state 
lifetime τ0 = 450 ns, (ii) a singly ion-paired species with the same lifetime that was 
dynamically quenched by iodide, and (iii) the ter-ionic species with an excited-state lifetime 




Figure 4.35. Single wavelength absorption changes measured after pulsed light excitation of Ru4+ with 1 
eq (a) and 25 equivalents (b) of TBAI in acetone with an overlaid fit in yellow. c) Transient absorption 
difference spectra obtained 500 nanoseconds after pulsed light excitation of a solution containing Ru4+ 
and TBAI. Overlaid is a simulation based on the formation of a 1:1 mixture of the reduced Ru complex, 
Ru3+, and I2•–. d) Observed rate constants for the formation of the Ru3+ complex and I2•– as a function of 
the iodide equivalents. The region highlighted in blue corresponds to dynamic quenching region whereas 
that in green corresponds predominantly to the static bond formation within the ion pair. 
Nanosecond transient absorption spectroscopy was used to unravel the excited-state 
reaction chemistry. Figure 4.35c shows transient difference spectra measured after pulsed 
light excitation of Ru4+ in the presence of excess iodide. Overlaid is a simulation based on 
the formation of a 1:1 mixture of the reduced Ru complex, Ru3+, and I2•−. 
The Ru4+* excited-state spectra revealed two isosbestic points that were conveniently 
located near the absorption maxima of the two reaction products: 400 nm (I2•−) and 541 nm 
(Ru3+). Kinetic data at these isosbestic points as a function of the iodide concentration are 
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shown in Figure 4.35a,b. Upon initial addition of iodide, the rates increased with the I− 
concentration from which rate constants for the formation of Ru3+ (kRu = 2.5 ± 0.3 × 1010 M−1 
s−1) and for I2•− (kI = 1.7 ± 0.1 × 1010 M−1 s−1) were obtained. However, when greater than 10 
equivalents of I− were present, the rates became I− independent with kobs(Ru3+) = 1.3 ± 0.1 × 
107 s−1 and kobs(I2•−) = 1.2 ± 0.1 × 107 s−1. The insensitivity to the I− concentration was 
consistent with the electron transfer reactivity occurring within the ion-pair. The rate constant 
for the formation of I2•− was determined to be 3.1 ± 0.3 × 1010 M−1 s−1 (Section 4.8, Figure 
4.40). In the saturation region, the formation of I2•− was substantially slower (by a factor of 5 
at 1.7 mM I−) than what would be expected for diffusional I2•− formation. The kinetic data 
demonstrate that Ru3+ was a primary photoproduct, which appeared with the same rate 
constant as excited-state decay, while I2•− appeared on a longer time scale. This was 
attributed to the reaction of the iodine atom with iodide in the ion-pair at high iodide 
concentrations. The ter-ionic complex formed enabled a more detailed description of the light 
induced bond formation that is discussed below with the help of Scheme 4.5. 
The ground-state structure located one iodide in the tmam pocket and another iodide 
between the ligands and more proximate to the RuII. DFT calculations indicate the two 
iodides are about 5.8 Å apart. Light excitation formally oxidizes the metal center and reduces 
the tmam ligand and the resultant excited-state dipole influences the ter-ionic structure. 
Coulombic repulsion will move the iodide in the tmam pocket away from the 3,3′-H atoms 
of the bipyridine toward the cationic amines. Indeed, prior research has shown full 
photorelease of chloride anions associated with a ligand where the excited state resides.49 
Coulombic repulsion of the other iodide is expected to be less, as it is not directly associated 
with the tmam ligand, and may be attracted to the more Lewis acidic RuIII.  
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Scheme 4.5. Proposed mechanism for visible light excitation of {Ru4+,2I-} to yield an I-I bond within the 
ter-ionic complex. 
 
This iodide is hence more strongly coupled to the Ru in the excited state and is the 
one that likely transfers an electron to the metal center. Further evidence for this elementary 
reaction comes from the observation that static excited-state quenching was absent within the 
first tmam ion-paired species. Furthermore, DFT calculations38 estimated a stabilization of 
nearly 48 kJ/mol upon ion-pairing (Section 4.8, Figure 4.41), which is close to the 35 kJ/mol 
obtained from the equilibrium constant. Hence, the data support a mechanism where the 
tmam ion paired iodide was stabilized to such an extent that the excited state did not oxidize 
it. 
Electron transfer from the proximate iodide forms the reduced RuII complex that will 
have even greater electron density on the tmam ligand and hence stronger repulsion toward 
the iodide in the pocket. The iodine atom, on the other hand, will be polarized by this field 
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but as a neutral atom will not experience the Coulombic repulsion of the iodide ion. Within 
60 ns, the iodine atom then moves a few ångstroms to react with the iodide ion and form I2•− 
with an I−I bond distance of 3.1 Å.74 This mechanism points toward the influence of the 
excited state being localized on the ligand that initially ion-pairs with iodide and suggests 
that more rapid bond formation will be realized with excited state localized away from the 
reaction site. 
4.7.3 Conclusions 
In conclusion, a ter-ionic complex was prepared through the rational design of a Ru 
complex bearing a dicationic tmam ligand with an iodide binding pocket as well as steric 
constraints that keep the second iodide in close proximity. Upon visible light excitation, this 
ter-ionic excited-state complex underwent intra-ionic electron transfer and successive 
covalent I−I bond formation that gave rise to novel excited-state quenching. More generally, 
supramolecular assembly with ions provides the opportunity to spatially arrange reactants at 
desired locations prior to light excitation that are necessarily maintained in the initially 
formed excited-state. Hence, utilizing excited-states to make covalent bonds within ter-ionic 
complexes precludes the need for diffusion and may ultimately enhance specificity for more 
widespread applications in photocatalysis. 
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4.8 Additional Content – Supporting Data 
 
Figure 4.36: 1H NMR spectrum of [Ru(dtb)2(tmam)]4+.4PF6– recorded in d6-acetone at room temperature 
at a frequency of 600 MHz.  
 
Figure 4.37. High-resolution ESI mass spectra of [Ru(dtb)2(tmam)]4+.4PF6–. 
 
FTMS+ dtb-TMAM 100ug-mL 50uL-min #1-250 RT: 0.01-3.70 AV: 250 NL: 1.04E7
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Figure 4.38. Mole fraction of Ru4+, [Ru4+,I–]3+ and [Ru4+,2I–]2+ as a function of iodide concentration based 
on K1 and K2 reported in section 5.2. 
 
Figure 4.39: Time-resolved photoluminescence decays of Ru4+ (10 µM in 50 mM TBAClO4) with the 
addition of up to 16 equivalents of TBAI in acetone. Inset shows the corresponding steady-state 
photoluminescence with the addition of up to 16 equivalents of TBAI 
 50 mM TBAClO4 0 eq TBAI
 50 mM TBAClO4 16 eq TBAI






















Figure 4.40. Plot of the observed rate first-order rate constants as a function of the iodide concentration 
at 705 nm after 355 nm excitation of 20 µM I3– solution with the indicated added iodide concentration. 
 
Figure 4.41. Contour plots of the calculated charge density in eV over the plane containing the tmam 
ligand in absence, A, and presence, B, of one iodide. All atoms within 1 Å of the plane are shown as 
colored dots. The tmam ligand is superimposed in white. 
4.9 Additional Content – Experimental Methods 
4.9.1 Materials  
Acetone (Burdick and Jackson, 99.98 %), and n-Butyronitrile (BuCN, Acros 
Organics, 99 %) were used as received. Argon gas (Airgas, 99.998 %) was passed through a 
Drierite drying tube before use. Tetrabutylammonium iodide (TBAI, Sigma-Aldrich, ≥ 99.0 
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%), tetrabutylammonium hexafluorophosphate (TBAPF6, Sigma-Aldrich, for electrochemical 
analysis, ≥ 98 %), ruthenium trichloride hydrate (Oakwood Chemicals, 97 %), tri-p-
tolylamine (TCI America, ≥ 98 %), were used as received. Deuterated acetone was purchased 
from Cambridge Isotope Laboratories, Inc. Trimethylamino-methyl-2,2’-bipyridine (tmam), 
[Ru(dtb)2Cl2] and [Ru(cymene)(tmam)(Cl)]3+.(Cl–)[PF6+]2 were synthesized according to a 
literature procedure.39,75 The desired [Ru(LL)(tmam)]4+ complexes were then obtained after 
microwave synthesis and obtained as [PF6] salts, according to published procedure.41 
All other chemicals were obtained from commercial distributors with minimum purity 
of 98 % and used as received. All solutions were sparged with argon for at least 30 minutes 
before all electrochemical, titration and transient absorption experiments. 
4.9.2 Synthesis of [Ru(dtb)2(tmam)]4+.4PF6–. 
[Ru(dtb)2Cl2] (96 mg, 0.135 mmol), TMAM.2PF6- (80 mg, 0.135 mmol) and AgNO3 
(92 mg, 0.540 mmol) were suspended in 10 mL of a 1:1 H2O/EtOH mixture. The mixture 
was purged with argon for 15 minutes prior to being heated in an Anton Paar microwave. The 
conditions were set to reach 150°C in 5 minutes and held at this temperature for one hour. 
After reaction, 5 mL of water was added to the mixture and the ethanol was distilled under 
reduced pressure. The solution was then filtered on Celite to remove silver nitrate, and the 
Celite was washed with 10 mL of water. A saturated aqueous solution of NH4PF6 (5mL) was 
then added to the filtrate, allowing the desired complex to precipitate. The latter was 
collected by filtration, and washed with water, minimum amount of cold ethanol and 
diethylether. The residue was finally dissolved in 1 mL of acetonitrile, and precipitated by 
dropwise addition in 50 mL of diethylether. The precipitate was recovered by filtration, 
washed with ether and dried under vacuum to yield [Ru(dtb)2(tmam)]4+.4PF6– as a brown 
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powder (168 mg, 82%). 1H NMR (600 MHz, Acetone-d6) δ 9.07 (s, 2H), 8.87 (s, 4H), 8.21 
(d, J = 5.8 Hz, 2H), 7.92 (d, J = 6.0 Hz, 2H), 7.82 (dd, J = 5.9, 1.8 Hz, 2H), 7.78 (d, J = 6.0 
Hz, 2H), 7.58 (dd, J = 6.1, 2.1 Hz, 2H), 7.54 (dd, J = 6.0, 2.1 Hz, 2H), 4.90 (s, 4H), 3.42 (s, 
18H), 1.39 (s , 18H), 1.38 (s , 18H).13C NMR (151 MHz, Acetone) δ 163.68, 163.54, 159.07, 
157.81, 157.56, 153.34, 152.68, 151.62, 138.28, 132.06, 129.01, 126.07, 125.86, 122.63, 
122.56, 67.85, 53.97, 36.25, 36.22, 29.84. HRMS (ESI-MS) m/z: [M]+ (C54H76N8P3F18Ru1) 
and [M]2+ (C54H76N8P2F12Ru1) 1373.41617 and 614.22599; Found 1373.42179 and 
614.22610. 
4.9.3 Nuclear Magnetic Resonance 
Characteristic NMR spectra and halide titration experiments were obtained at room 
temperature on a Bruker Avance III 600 MHz spectrometer equipped with a broadband 
inverse (BBI) probe. Solvent residual peaks were used as internal standard for 1H (δ =2.05 
ppm for (CD3)2CO) and 13C (δ = 29.84 ppm for (CD3)2CO)) chemical shift referencing. NMR 
spectra were processed using MNOVA. 
4.9.4 Mass Spectrometry 
Samples were analyzed with a hybrid LTQ FT (ICR 7T) (ThermoFisher, Bremen, 
Germany) mass spectrometer. Samples were introduced via a micro-electrospray source at a 
flow rate of 3 µL/min. Xcalibur (ThermoFisher, Breman, Germany) was used to analyze the 
data. Each mass spectrum was averaged over 200 time domains. The mass range was set to 
150-2000 m/z. All measurements were recorded at a resolution setting of 100,000. Solutions 
were analyzed at 0.1 mg/mL or less based on responsiveness to the ESI mechanism.  
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4.9.5 UV−Visible Absorption 
UV−vis absorption spectra were recorded on a Varian Cary 60 UV−vis 
spectrophotometer with a resolution of 1 nm. The molar absorption coefficients were 
previously determined.41 
4.9.6 Steady-State Photoluminescence.  
Steady-state photoluminescence (PL) spectra were recorded on a Horiba Fluorolog 3 
fluorimeter and were corrected by calibration of the instrument’s response with a standard 
tungsten-halogen lamp. During iodide titrations, complexes were excited at an isosbestic 
point to remove contributions from ground-state absorption changes. The photoluminescence 
intensity was integrated for 0.1 s at 1 nm resolution and averaged over 3 scans.  
4.9.7 Time-Resolved Photoluminescence  
Time-resolved PL data were acquired on a nitrogen dye laser with excitation centered 
at 445 nm, as described previously.38 Pulsed light excitation was achieved with a Photon 
Technology International (PTI) GL-301 dye laser that was pumped by a PTI GL-3300 
nitrogen laser. The PL was detected by a Hamamatsu R928 PMT optically coupled to a 
ScienceTech Model 9010 monochromator terminated into a LeCroy Waverunner LT322 
oscilloscope. Decays were monitored at the photoluminescence maximum and averaged over 
180 scans. Non-radiative and radiative rate constants were calculated from the quantum 
yields, Ф = kr/(kr + knr) and lifetimes, τ = 1/(kr + knr). 
4.9.8 Electrochemistry 
Square wave voltammetry was performed with a BASi Epsilon potentiostat in a 
standard three-electrode-cell, i.e. a platinum working electrode, a platinum counter electrode 
and a non-aqueous silver/silver chloride electrode (Pine) reference electrode that was 
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referenced to an internal decamethyl ferrocene (Fe(Cp*)2) standard (243 mV vs NHE).76 All 
experiments were performed in 0.1 M TBAPF6 acetone electrolyte. 
4.9.9 Iodide Titrations 
UV−Vis, steady-state PL, and time-resolved experiments were performed in acetone 
using 10 µM of complex. Titration measurements were performed for each of the 
spectroscopies with TBAI through additions of 0.25-0.3 equivalents. Throughout the 
titrations the concentrations of Ru complex remained unchanged by preparing a stock 
solution. 5 mL of the stock solution was transferred to a quartz cuvette and 5-10 mL titration 
solutions were prepared from the same stock solution. The exception to this was 
[Ru(bpz)2(tmam)]4+, which due to solubility, was not included in the titrating solution. TBAI 
was then added to the stock solution to obtain the desired concentration of iodide. These 
solutions were then titrated into the quartz cuvette in 10 or 20 µL additions. All solutions 
were purged with argon for 30 minutes prior to experiments. Titrating solutions containing 
TBAI were kept in the dark for the duration of the experiment.  
1H NMR titrations were performed using Bruker Avance III 600 MHz spectrometer 
equipped with a broadband inverse (BBI) probe using 600 µL of a 500 µM ruthenim solution 
in deuterated acetone. Titrations were performed by 0.25 equivalent additions of TBAI (10 
µL additions). Each spectrum was averaged over 32 or 64 scans and was not corrected for 
dilution. 
4.9.10 Equilibrium Constants 




4.9.11 Transient absorption 
Nanosecond transient absorption measurements were acquired on a setup published 
previously.77 Concisely, a Q-switched, pulsed Nd:YAG laser (Quantel U.S.A. (BigSky) 
Brilliant B 5-6 ns full width at half-maximum (fwhm), 1 Hz, ∼10 mm in diameter) doubled 
to 532 nm was passed through an OPO and tuned to 488 nm. The laser irradiance at the 
sample was attenuated to 1-10 mJ/pulse. A 150 W xenon arc probe lamp was pulsed at 1 Hz 
with 70 V during the experiment. Signal detection was achieved using a monochromator 
(SPEX 1702/04) optically coupled to an R928 photomultiplier tube (Hamamatsu) at a right 
angle to the excitation laser. Transient data were acquired with a computer-interfaced digital 
oscilloscope (LeCroy 9450, Dual 330 MHz) with an overall instrument response time of ∼10 
ns. 30 laser pulses were acquired and averaged at each wavelength over the 370-800 nm 
range. Intervals of 10 nm were used for wavelength between 370 and 600 nm and intervals of 
20 nm were used between 600 and 800 nm. Time-resolved PL data were also acquired at the 
same laser intensity at 650 nm. 
4.9.12 Rate Constant for Diiodide Formation  
The rate constant of formation of I2•- in acetone was determined following a protocol 
described in the literature.26 Briefly, a solution of 20 µM I3– was excited at 355 nm, 
generating a biphasic absorption change, one fast initial rise and a slower rise. The slow 
growth was I– concentration dependent. The initial rise was determined to correspond to the 
initially formed I2•– and the slower rise was determined to be due to the I• species reacting 
with I–. A second order rate constant was determined for I2•– formation in acetone through the 
titration of I– and the monitoring of the slow rise of the absorption change. 
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4.9.13 Determination of the reduced complex extinction coefficient 
The absorption spectrum of the singly reduced complexes were determined using a 
procedure adapted from literature.44 A 10 µM solution of ruthenium complex, Ru4+ with 10 
mM tri-p-tolylamine (Me-TPA) was irradiated with 532 nm light (~1.5-3 mJ/pulse). Laser 
excitation of Ru4+ resulted in electron transfer from the Me-TPA to excited-state Ru4+*. 
Transient absorption spectra were recorded and normalized at 680 nm. The normalized 
spectrum of the oxidized Me-TPA+ (obtained through spectroelectrochemistry in 0.1M 
TBAClO4 acetone solution) was then subtracted in each case to yield difference spectrum 
between the reduced and the ground state.  
4.9.14 Data analysis  
Data analysis for all experiments was performed using OriginLab, version 9.0. Data 
fitting was preformed using a Levenberg-Marquardt iteration method. 
4.9.15 Density Functional Theory  
Quantum mechanical calculations were carried out using the Gaussian 09 program 
package.78 The structures of the complexes, and respective ion pairs with iodide anions 
located at the positions indicated by 1H NMR, were optimized to a minimum energy and 
frequency calculations were performed to verify no contribution from imaginary frequencies. 
In all calculations, the B3LYP functional was used,79–82 with LANL2DZ basis set83–85 with an 
added f-polarization function applied to ruthenium,86 cc-PVDZ-PP with an added f-
polarization function applied to iodide,87 and 6-311G* applied to the other elements.88 The 
calculations were performed in the gas phase and an ultrafine grid was used.  
4.9.16 Work term analysis  
The structures of the ion pairs associating with one iodide and two iodides, {Ru4+:I–
}3+ and {Ru4+:I–}2+ respectively, were optimized as described. The anions were initially 
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placed in the positions indicated by 1H NMR measurements. In the second step, the ion-pairs 
{Ru4+:I–}3+ and {Ru4+:I–}2+, had to be fragmented into their component parts to appropriately 
allocate the charge between the component parts, i.e. one Ru4+ complex with a 4+ charge, 
and one or two I– anions, each with a –1 charge. 
Thirdly, as charge had been reallocated in the ion-pairs, or redistributed since the 
initial optimization, a re-optimization was run to ensure that the structures were optimized 
while accounting for the accurate charges. Hence, in total, two optimizations were performed 
on both ion pairs; {Ru4+:I–}3+ and {Ru4+:I–}2+, an initial optimization and a second, with the 
fragmented system with appropriately localized charges.  
Second order perturbation analysis of intermolecular interactions and atom charges 
were performed with the NBO 3 program as implemented in the Gaussian software package. 
The partial charge for each of the atoms in the system were then extracted from the natural 
bond order analysis.89–91  
 
Figure 4.42. Representations of ground-state structure of (a) [Ru(dtb)2(tmam)]4+, (b) 
{[Ru(dtb)2(tmam)]4+,I−}3+, and (c) {[Ru(dtb)2(tmam)]4+,2I−}2+. Overlaid on each structure are three 
representative contour plots of the calculated stabilization energy, Gw in eV, calculated as a work term 
over each plane with zero, one or two iodides, respectively. 
The work associated with bringing the iodide and the complex together was 
calculated through Equation 4.37, where Z are the charges of the species and r the distance 
between them. ke is Coulomb’ constant and er the dielectric constant of the solvent. The 
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change in the work term with distance was visualized in contour plots over 2D planes of the 
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 Iodide Oxidation in an Osmium Assembly Designed with Excited-State 
Localized away from the Ion-Pairing Ligand6 
5.1 Introduction 
Solar energy represents an appealing alternative to fossil fuels that has emerged with 
the rising need for renewable energy.1,2 A promising method to collect sunlight is to utilize 
molecular chromophores that, upon light absorption, reach an excited-state that can perform 
useful chemical transformations.3 Solar energy could then be “stored” in chemical bonds that 
can later be cleaved in exothermic reactions, hence releasing a portion of the initial solar 
energy.4  
Nature converts sunlight into useful energy through photosynthesis where photons are 
absorbed by a chromophore, which, after exothermic electron transfer along an electron 
transport chain, forms a charge-separated state that oxidizes water and reduces carbon 
dioxide into energy rich sugars.5 Due to the thermodynamic gradient that allows for the 
electron transfer, the charge separated state has a higher barrier for charge recombination. 
This helps drive catalysis towards useful products, but Nature pays a price for this vectoral 
charge transport as Gibbs free energy is lost at every step.5 An attractive way to prevent this 
energy loss would be to have a chromophore realize both light absorption and bond 
formation catalysis.6 
6This chapter contains results that are part of ongoing research. Presented here are the results and preliminary 
interpretation of the data obtained. This work was performed in collaboration with L. Troian-Gautier, K. 
Brennaman, G. J. Meyer.   
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Of potential relevance to solar energy applications is halogen-halogen bond (X-X) formation, 
and in the present chapter the focus will remain on iodide, as it has a rich redox chemistry 
that has been explored in both water and organic solvents.7,8 Photooxidation of iodide, as was 
explained in Chapter 4, in solution leads to the formation of covalent I-I bonds,9,10 and thus 
offers a convenient starting point for further study. The formation of diiodide, I2•–, is 
postulated to proceed via two different mechanisms, associated with two different 
thermodynamic potentials (Figure 5.1).8,9,11  
Figure 5.1. Estimated formal one-electron reduction potentials for iodide in acetonitrile.8 
In the stepwise mechanism, an iodine atom radical (I•) is formed after the one-
electron oxidation of iodide (E°(I–/I•)=1.23 V vs NHE).8 In the presence of excess iodide, the 
iodine radical reacts to form diiodide, I2•– (Equation 5.1 and Equation 5.2). A concerted 
mechanism (Equation 5.3) has been proposed, in which the oxidation of iodide and bond 
formation occurs simultaneously at (E°(2I–/I2•–)=0.93 V vs NHE).8 This represents a 300 
meV thermodynamically less demanding iodide oxidation mechanism. Nevertheless, a 
concerted mechanism is statistically unlikely as three species are required to come together.  
𝑆-∗ + I4 ⟶ 𝑆H + I• Equation 5.1 
X• + I– ⟶ I,•4 Equation 5.2 
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𝑆-∗ + 2I4 ⟶ 𝑆H + I,•4 Equation 5.3 
In this chapter the influence of the excited-state dipole orientation on the iodide 
oxidation mechanism will be investigated. In order to achieve this, two osmium complexes 
were used, where the excited-state dipole orientation could be defined. These results were 
compared to results of Chapter 4 where, in analogous ruthenium complexes, the excited-state 
dipole orientation was suggested to have an influence on the iodide bond formation 
mechanism.  
[Ru(LL)2(tmam)][PF6–]4 complexes, where LL = 4,4′-tert-butyl-2,2′-bipyridine (dtb), 
4,4′-dimethyl-2,2′-bipyridine (4,4′-dmb), 5,5′- dimethyl-2,2′-bipyridine (5,5′-dmb), and 4,4′-
nonyl-2,2′-bipyridine (nonyl) respectively, and tmam is 4,4’-bis-(trimethylaminomethyl)-
2,2′-bipyridine were shown to form ter-ionic complexes with iodide in acetone. Upon visible 
light illumination, the iodide ter-ionic complex underwent an intra-ionic iodide oxidation 
mechanism, as described in Chapter 4.12,13 The formation of diiodide occurred through a 
stepwise mechanism, where the I– closer to the metal center was proposed to undergo 
electron transfer to yield I•, which further reacted with the preassembled I– to form I2•–. It was 
speculated that the intra-ionic, stepwise mechanism was a consequence of excited-state 
localization on the tmam ligand, that led to Coulombic repulsion between the iodide and 
electron density localized on the tmam ligand.12 Attempts to trigger the concerted 
mechanism by changing the excited-state localization were unsuccessful. Indeed, the excited-
state could be localized away from the ion-pairing ligand in the case of [Ru(bpz)2(tmam)]4+, 
where bpz is 2,2’-bipyrazine, but the driving force for iodide oxidation was increased by 400 
mV and hence, electron transfer occurred within the 10 ns instrument response time and rapid 
static excited-state quenching was observed (Chapter 4).14,15 
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Osmium complexes are, compared to their corresponding ruthenium complexes, less 
potent photo-oxidants.16 Overall, the photophysical properties of osmium complexes are 
similar to those of ruthenium complexes, with some important differences owing to osmium 
being a third row transition metal. Importantly, the osmium metal center is easier to oxidize 
compared to the ruthenium in comparable complexes.17 However, the ligand-based 
reductions remain almost unchanged between ruthenium and osmium complexes, which 
leads to a smaller corresponding HOMO-LUMO gap in osmium complexes. This smaller 
energy gap in osmium polypyridyl complexes is exemplified by the photoluminescence 
maximum of [Ru(bpy)3]2+ at ~610 nm vs the maximum of [Os(bpy)3]2+ at 740 nm.18 It 
follows that osmium excited-states store less free energy, and thus are less potent photo-
oxidants. Hence, in order to investigate the importance of the excited-state localization in 
complexes with little driving force for iodide oxidation, two osmium complexes which 
promoted the formation of ter-ionic assemblies were designed. One complex was designed as 
a control complex with unsubstituted bpy ancillary ligands while the second complex was 




5.2 Results and Discussion 
5.2.1 Synthesis  
 
Figure 5.2. Novel osmium complexes synthesized for this study; [Os(bpy)2(tmam)]4+ (Os-bpy) and 
[Os(4,4’-(CF3)2bpy)2(tmam)]4+ (Os-CF3). 
 [Os(LL)2(tmam)][PF6]4 complexes, where tmam is 4,4’-bis-(trimethylaminomethyl)-
2,2′-bipyridine and LL is 2,2′-bipyridine (bpy) or 4,4′-(CF3)2-2,2′-bipyridine (CF3), were 
synthesized via the thermal reaction of [Os(LL)2(Cl)2] with tmam in EtOH/water mixtures. 
The final products were purified by size exclusion (LH20) column chromatography and 
precipitated as the hexafluorophosphate (PF6−) salts after ion metathesis. The structures of the 
complexes are shown in Figure 5.2. Further details on the synthesis are gathered in the 
additional content, section 5.5.2 
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5.2.2 Photophysical, Photochemical, and Electrochemical Characterization  
 
Figure 5.3. Ground state absorption spectra in CH3CN (red and blue) and acetone (purple and maroon) 
and steady state photoluminescence spectra in acetone of Os-bpy and Os-CF3 at room temperature.  
The photophysical and photochemical properties of the complexes were characterized 
in argon sparged acetone, unless otherwise specified. The absorption spectra of both osmium 
complexes are shown in Figure 5.3 in both acetone and acetonitrile. The intense bands (e = 
80,000-100,000 M–1 cm–1) at ~290 nm were identified as ligand centered (LC) π-π* 
transitions, based on assignments in similar osmium polypyridyl complexes.19,20 Similarly, 
the absorption bands beyond ~400 nm were assigned as metal-to-ligand charge transfer 
(MLCT) bands.17,19,20 The MLCT transitions at 400-550 nm, with a higher molar absorption 
coefficient (e  » 15,000 M–1cm–1), were assigned as predominantly spin allowed 1MLCT in 
nature. The tailing absorption bands beyond 550 nm were assigned as predominantly singlet-
to-triplet excitations.19 These transitions are expected to be more intense in osmium 
complexes than in ruthenium complexes due to increased spin orbit coupling.17 They are 
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nonetheless still characterized by smaller molar absorption coefficients as they are formally 
spin forbidden.19  
Light excitation into the MLCT absorption bands of either complex resulted in room 
temperature photoluminescence (PL) centered at 815 nm and 775 nm for Os-bpy and Os-
CF3 respectively (Figure 5.3), with excited-state lifetimes that were well described by a first 
order kinetic model. The excited-state lifetimes were relatively short, 54 and 68 ns compared 
to the 420-1590 ns lifetimes of the [Ru(LL)2(tmam)]2+ complexes,13 which was in accordance 
with Jortner’s energy gap law.21 Smaller energy spacing between the potential energy 
surfaces leads to better vibrational coupling, which results in larger non-radiative rate 
constants and a shorter excited-state lifetime.22 Consequently, the non-radiative rate constants 
for the osmium complexes in this study are an order of magnitude larger (knr ~107 s–1) than 
for the corresponding ruthenium complexes (knr ~ 106 s–1).23–25 The electron-withdrawing 
trifluoromethyl substitutiuents on the ancillary ligands of Os-CF3 led to a 40 nm (~ 79 meV) 
hypsochromic shift in the PL compared to the unsubstituted bipyridine complex. The excited-
state lifetimes, quantum yields, kr, knr and other relevant photophysical data are gathered in 
Table 5.1. 












(x 107 s-1) 
[Os(bpy)2(tmam)]4+ 439, 493 13,300, 12,200 815 68 0.0014 6.80 1.85 
[Os(CF3bpy)2(tmam)]4+ 438, 491 14,100, 13,700 775 54 0.0037 2.06 1.47 
aMeasured by comparative actinometry using [Os(bpy)3]2+ f = 0.00462 as reference.26 
The Os-CF3 complex displayed a reversible E1/2(Os+/0) ligand-centered reduction in 
acetone at –0.62 V vs NHE with 0.1 M tetrabutylammonium perchlorate (TBAClO4) 
electrolyte. Scanning more negatively resulted in a broad, irreversible reduction wave which 
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was assigned to the tmam ligand, perhaps similar to that previously described.27,28 A 
similarly broad, irreversible reduction wave was recorded for Os-bpy at about the same 
potential. In this case, the potential associated with this irreversible peak was used to estimate 
a first reduction potential for Os-bpy.  
Reversible oxidations associated with the metal centers were measured by cyclic 
voltammetry and square wave voltammetry. The oxidations were centered at +1.28 and +1.10 
V vs NHE for Os-CF3 and Os-bpy respectively. Notably, the potential measured for Os-bpy 
was ~ 500 meV less positive than the metal centered oxidation in the corresponding, 
[Ru(bpy)2(tmam)]4+ complex, which agrees with previously published correlations.17 
Blakley and DeArmond showed by spectroelectrochemical correlation that the 
excited state localizes electron density onto the ligand which is first reduced.29 The 
electrochemical responses of the osmium complexes were suggestive of different excited-
state localization. The first reduction supported the assignment of the Os-CF3 excited-state 
localized on the (CF3)2-bpy ligand and the formulation of the excited state as [OsIII(CF3-
bpy)(CF3-bpy•–)(tmam)]4+*. However, in the case of Os-bpy, the excited-state assignment 
was not as straightforward due to the irreversible electrochemistry. However, similar 
ruthenium complexes supported the formulation of the excited state as [OsIII(bpy)2(tmam•–
)]4+*.28  
The excited-state reduction potential was determined for each complex from the 
corrected PL spectra and measured reduction potentials: E1/2(Os4+*/3+) = E1/2(Os4+/3+) – ∆GES; 
where DGES is the free energy stored in the excited state that was extracted from the PL 
spectra.30,31 The osmium complexes were not very potent photooxidants with excited-state 
reduction potentials of E1/2(Os4+*/3+) = ~1.0 and 1.18 V vs NHE for Os-bpy and Os-CF3, 
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respectively. The relevant thermodynamic properties for the complexes are gathered in Table 
5.2. 
Table 5.2. Relevant reduction potentials and DGES values for the osmium complexes. 
Complex E° (Os5+/4+)a E°(Os4+/3+)a E°(Os3+/2+)a DGES (eV)b E(Os4+*/3+)a 
[Os(bpy)2(tmam)]4+ +1.10 ~ –0.7 - 1.73 ~ 1.0 
[Os(CF3bpy)2(tmam)]4+ +1.28 –0.62 –0.8 1.80 1.18 
aV vs NHE. bDetermined from blue edge tangent straight line fit of room temperature PL spectra. 
The I•/– potential is reported at 1.23 V vs NHE in CH3CN, while it remains unknown 
in acetone. Hence, the Os-bpy complex was not predicted to be a strong enough 
photooxidant to initiate excited-state electron transfer. Furthermore, when the reduction 
potential in acetonitrile is considered, then Os-CF3 did not possess enough driving force to 
oxidize the iodide through the more conventional stepwise mechanism. However, the 
stepwise mechanism was only considered uphill by 50 meV, and it has been shown that 
electron transfer can occur with rate constants close to the diffusion limit (~1010 M–1 s–1) with 
no or even unfavorable driving force (DG = 0 or + 0.04 eV).11 
5.2.3 Halide Ion Pairing 
Complexes chelated with a tmam ligand are known to form ter-ionic complexes with 
halides in low dielectric solvents such as acetone (Figure 5.4b).7,12,28,32 Therefore, the 
osmium complexes were investigated for ion pairing with iodide and chloride by 1H NMR 
spectroscopy and by UV-Vis spectroscopy with chloride, bromide and iodide in acetone.  
The 1H NMR spectra measured during iodide and chloride titrations of Os-bpy or Os-
CF3 solutions provided atomistic information on the ion-pair structures. In order to identify 
the shifts induced by halide addition, the aromatic hydrogen resonances were determined via 
1H COSY NMR prior to the titrations. With both complexes, iodide and chloride additions 
induced dramatic upfield shifts (~0.9 Dppm) of the 3 and 3′ H atom resonances associated 
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with the tmam ligand, with small or no changes to the 3,3′-H resonances of the ancillary 
ligands, for Os-CF3 and Os-bpy, respectively (Figures 5.5 and 5.12). 
Figure 5.4. a) Ground state UV-visible spectra of Os-CF3 with 0 and up to 9.2 equivalents of TBACl in 
acetone. Inset shows difference spectra where the initial ground state spectrum has been subtracted from 
each subsequent spectrum. b) Suggested structure of Os-CF3 and two associated halides in the ter-ionic 
structure. 
The tmam ligand also possesses methylene H atoms, which report on halide presence 
in the binding pocket. The roofed-doublet pattern for the methylene H atoms that became 
apparent after 1 equivalent of halide was added, has been previously reported and is fully 
consistent with halides interacting inequivalently with the methylene H atoms as the ion 
pairing imposes a more rigid configuration.28  
A second binding site was closer to the metal center was suggested by shifts in the 
5,5’ H atom resonances on the tmam ligand and the 6 and 5 H atoms resonances on the 
ancillary ligands for both complexes (Figures 5.5a,b and 5.12). The large shifts observed for 
the resonances in 1H NMR largely saturated between two and three equivalents, and 
subsequently two binding sites for halide interaction were suggested for these osmium 
complexes (Figure 5.4b). While higher order species could not be ruled out, the dominant 
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species at high halide concentration, were consequently determined as a 1:2 ion pair; 
[Os4+:2I–]2+. 
 
Figure 5.5. a) 1H NMR spectra of Os-CF3 with 0 to 8 equivalents of TBAI in d6-acetone showing both 
aromatic region and methylene hydrogens of the tmam ligand. b) The chemical shifts of indicated 
hydrogen atoms of Os-CF3 plotted against the number of TBAI equivalents for Os-CF3 in d6-acetone with 
up to 8 equivalents.  
The addition of halides also induced substantial shifts in the UV-Vis absorption 
spectra of the osmium complexes. In the case of Os-CF3 all three halides induced a decrease 
and shifts in absorption of the main MLCT bands, Figures 5.4 and 5.13a-c.  
With chloride, the higher energy MLCT bands of Os-bpy initially increased in 
intensity and then decreased after ~1 equivalent of Cl– was added, Figure 5.14a. With 
bromide additions, the MLCT bands decreased in intensity, Figure 5.14b, while an overall 
increase in the visible absorption was recorded with iodide, Figure 5.14c.  
The absorption changes in the UV–Vis titrations, coupled with the results from the 1H 
NMR results, were consistent with a series of equilibria being established in solution, 
Equation 5.4. The absorption changes in the UV–Vis spectra were used to estimate 
equilibrium constants, Keq1 and Keq2 ,for the ion pairs, according to a method outlined in 
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section 5.5.9.33,34 The resulting equilibrium constants for each halide are gathered in Table 
5.3. 
[Os]Ç- + 𝑋4 ⇌ {OsÇ-: 𝑋4}*- ⇌ {OsÇ-: 2𝑋4},- Equation 5.4 
The equilibrium constants for each complex with all three halides displayed a weak 
trend according to Cl–>Br–>I–, indicating that smaller halides are bound somwhat tighter in 
the tmam pocket. There was also generally an order of magnitude difference between the 
first and second equilibrium constant. However, with the Os-CF3 complex and iodide, the 
two equilibria were much closer in magnitude to each other than with the Os-bpy complex.  
Table 5.3. Equilibrium constants for the stepwise binding of the halides by the osmium complexes. 
 [Os(bpy)2(tmam)]4+ [Os(CF3bpy)2(tmam)]4+ 
Halidea Keq1 (x 105 M-1) Keq2 (x105 M-1) Keq1 (x 105 M-1) Keq2 (x105 M-1) 
I– 1.6 ± 0.4 0.043 ± 0.009 0.26 ± 0.02 0.12 ± 0.04 
Br– 1.6 ± 0.6 0.21 ± 0.09 1.1 ± 0.2 0.13 ± 0.02 
Cl– 2.2 ± 0.2 0.12 ± 0.09 1.7 ± 0.2 0.13 ± 0.009 
aAdded as TBAX salts 
5.2.4 Theoretical Calculations 
Structures of both complexes, with and without halides, were optimized by Density 
Functional Theory (DFT). The halide binding sites were predicted based on data obtained in 
1H NMR spectroscopy. Natural Bond Order (NBO) analysis was performed on the optimized 
structures,35–37 and from a Coulomb’s law style calculation (Equation 5.5), contour plots 
showing the free energy interaction between the iodide and each atom in the osmium 




 Equation 5.5 
In this equation e is the elementary charge, e0 is the vacuum permittivity, er is the 
relative permittivity and a is the distance between the charged species. Z(I–) is the charge of 
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the iodide and Z(Os4+) the charge of the osmium complex, where the individual charges 
assigned to each atom were used, rather than an approximate spherical model with 
delocalized charge. From this, the free energy of interaction between the iodide and the 
osmium complex could be estimated as ~450 meV and ~ 300 meV for the first and second 
ion pairing event respectively, compared to the free iodide in solution, Figure 5.6. 
 
Figure 5.6. Contour plots Os-CF3 in the plane that contains the tmam ligand, describing the Coulombic 
free energy (in eV) experienced by an iodide anion. 
The stabilization of the iodide anion in the ion pair, was predicted to affect the E°(I•/–) 
reduction potential compared to that in fluid solution. Previous publications have carefully 
considered the nature of solvation in an effort to estimate halogen reduction potentials in 
organic solvents.38,39 From DFT and NBO analysis, iodide stabilization in the tmam pocket 
was approximately 450 meV, or 43 kJ mol–1, while the measured equilibrium constants 
provided approximately 28 and 23 kJ mol–1. First, this discrepancy highlighted a tendency of 
the theoretical calculations to overestimate equilibrium constants for ion-pairing using this 
Coulomb’s law approach. Second, this indicated that the iodide in the tmam pocket would 
effectively have a more positive E°(I•/–) reduction potential and hence be harder to oxidize 
than free iodide in solution. Overall, because of stabilization of the iodide in the ion pair, the 
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thermodynamic barrier to oxidize iodide in the ion pair was expected to be higher than in 
solution.  
5.2.5 Excited-state Quenching 
 
Figure 5.7. a) Time-resolved PL decays measured after pulsed 445 nm light excitation of 
[Os(CF3bpy)2(tmam)]4+ with up to 9.4 equivalents of TBAI in acetone. The inset shows the steady state 
PL spectra excited at 440 nm of [Os(CF3bpy)2(tmam)]4+ with up to 10 equivalents of TBAI in acetone. b) 
Stern-Volmer plots of [Os(CF3bpy)2(tmam)]4+ with TBAI in acetone. Overlaid is a fit to a modified Stern-
Volmer equation as described in Chapter 4.  
The excited-state quenching behavior recorded for Os-CF3 with TBAI was suggestive 
of ruthenium tmam-complexes previously studied.12 The steady state photoluminescence 
intensity (PLI) decreased when up to 8 equivalents of iodide were added, after which the 
spectra were largely insensitive to additional iodide (Figure 5.7a). Time resolved PL decays 
measured after pulsed light excitation were fit to single exponential decays throughout the 
titration. The lifetimes decreased with added iodide, and saturated with a lifetime of 21 ns 
with more than 8 equivalents of iodide. The time-resolved PL also revealed a decrease in 
initial intensity, characteristic of a static quenching mechanism. An equilibrium constant for 
the ground state adduct, Keq = 1.8 x 104 M–1, was extracted from the initial decrease in 
accordance with a static Stern–Volmer model, in reasonable agreement with the equilibrium 
constants determined from absorption experiments. 
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The Stern−Volmer analysis of the excited-state quenching data (Figure 5.7b) revealed 
an unusual shape with saturation at higher iodide concentrations. In the classic Stern–Volmer 
quenching model, the static component corresponds to a ground-state adduct that is 
immediately quenched upon excitation.40,41 Here, the data showed significant contribution 
from static quenching, as revealed by the decrease in initial amplitudes of the time-resolved 
PL decays. However, the characteristic upward curvature in the Stern Volmer analysis of the 
steady state PL was absent. Instead, the Stern–Volmer data was modelled by considering the 
presence of three photoluminescent species that were as follows: (i) the initial complex with 
an excited-state lifetime τ0 = 54 ns, (ii) a singly ion-paired species that was dynamically 
quenched by iodide, and (iii) the ter-ionic species with an excited-state lifetime of ~20 ns.12 
From a previously described model (Chapter 4), a dynamic quenching rate constant (kq = 5.9 
x 1010 M–1 s–1) was extracted, which was close to the calculated diffusion limit in acetone, 
kdiff = 1.8 x 1011 M–1 s–1.42,43 
Altogether, the resulting fit and initial decay in the time-resolved PL indicated a 
combination of static and dynamic quenching mechanism for Os-CF3 by iodide at 
concentrations below 8 equivalents. In the saturation regime, exceeding 8 equivalents, a 
quenching mechanism independent of external iodide concentration was suggested. With 
ruthenium tmam-complexes, an intra-ionic mechanism was determined, where the electron 
transfer from the ion-paired iodide became rate limiting followed by intra-ionic I-I bond 
formation. The I-I bond formation occurred with a smaller rate constant due to possible 
Coulombic repulsion from the tmam ligand. Here, kinetic resolution and identification of 
photoproducts by transient absorption spectroscopy was crucial to provide support for either 
the intra-ionic diiodide bond formation or a concerted bond formation mechanism.  
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The Os-bpy excited-state was not a strong enough photo-oxidant to oxidize iodide, 
Figure 5.16. Indeed, an increase and blue shift in the steady-state PLI, with a concomitant 
increase in the excited-state lifetime resulted upon iodide titration. This was attributed to 
iodide induced torsional restriction resulting from H bonding interactions with the ligands. 
As vibrational relaxation pathways were restricted, this decreased the non-radiative decay 
rate constant. 
 
Figure 5.8. Transient difference spectra measured after pulsed 532 nm laser excitation (~4 mJ/pulse) of 
~20 µM solution of a) Os-CF3 and b) Os-bpy in acetone recorded at the indicated time delays. 
Pulsed 532 nm light excitation of the osmium complexes in argon purged acetone 
resulted in absorption difference spectra (Figure 5.8), which in accordance with literature 
precedence, showed a bleach of the ground state MLCT absorption and excited-state 
transitions in the near-UV region and beyond 700 nm.44 For Os-CF3, which was investigated 
for its reactivity with TBAI, the two ground-state excited-state isosbestic points were 
identified at 399 and 705 nm.  
The absorption spectrum of the reduced Os-CF3 complex was obtained by transient 
absorption spectroscopy measurements made in the presence of a known electron donor, such 
as MeO-TPA or hydroquinone.45,46 The spectra of the oxidized electron donors were 
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subtracted from the measured difference spectra, and the resulting reduced spectra were 
obtained (Figure 5.17).  
 
Figure 5.9. a) Transient absorption spectra measured 1 µs after pulsed 532 nm light (20.5 mJ/pulse) of 
[Os(CF3bpy)2(tmam)]4+ with ~20 eq TBAI. Overlaid is spectral modelling based on equal contributions of 
I2•– and reduced complex. b) Absorption changes measured at 399 nm of [Os(CF3bpy)2(tmam)]4+ with 40 
eq. of TBAI overlaid with the inverse of the normalized PL decay at 730 nm, scaled to reach baseline 
where the signal levelled off (orange) and a mono-exponential fit (pink). 
In the presence of ~20 equivalents of TBAI, pulsed 532 nm laser excitation of Os-
CF3 resulted in the appearance of new transient absorption features that were well described 
by equal concentrations of reduced Os-CF3 and I2•– (Figure 5.9a). The two peaks at 470 and 
540 nm were assigned to the reduced osmium complex. The main absorption features at 
wavelengths below 400 nm and beyond 600 nm were attributed to I2•–, with some 
contributions from the reduced complex. These assignments were based on the respective 
spectra of the species (Figure 17). The band at ~750 nm, which could not be fully accounted 
for by spectral simulation was speculated to be due to a I2•– adduct.47 In all experiments, the 
UV-Vis spectra remained unaltered before and after transient absorption experiments, 
precluding any permanent photochemistry. 
Both photoproducts, i.e. the reduced osmium complex (OsCF33+) and I2•–, absorbed 
quantitively at 399 nm. At low iodide concentrations, kinetic analysis of photoproducts was 
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precluded by low photoproduct yields. At high concentrations (20-40 equivalents), transient 
absorption studies revealed no iodide dependent rate constants (Section 5.6, Figure 5.18). At 
40 equivalents of iodide, the change in absorbance at 399 nm could be satisfactorily 
described by a single exponential kinetic function, although this absorption reported on two 
species. The corresponding lifetime of 26± 6 ns was determined, Figure 5.9b while the 
excited-state decay at 40 equivalents of iodide was determined to be 18 ± 2 ns. This indicated 
that, within experimental error, the reduced osmium complex was a primary photoproduct. It 
is tempting to draw a similar conclusion for the formation of I2•– as both products absorb at 
the monitored wavelength. Nonetheless, analysis of the kinetic fits of the growth and the 
photoluminescence decay, as represented in Figure 5.9b, appears to indicate a slower 
formation of monoreduced osmium and I2•– than excited-state decay. Regrettably, at 705 nm, 
where any transient spectral contribution from OsCF33+ could be excluded the absorption 
changes proved to be too small to reliably provide kinetic data.  
Scheme 5.1. Proposed iodide photooxidation by two different mechanisms. Dynamic quenching at low 




Iodide oxidation and I-I bond formation could occur according to two main pathways, 
a stepwise and a concerted mechanism as described previously. The difference in 
photoluminescence decay (18 ± 2 ns) and the formation of diiodide or monoreduced osmium 
complex (26± 6 ns), spoke in favor of a stepwise diiodide bond formation. Nonetheless at 
399 nm, where the formation of both products was monitored, a single exponential kinetic 
model satisfactorily described the data. This indicated that the rates of formation for both 
products were within error the same, which supports a concerted mechanism. Most 
importantly, however, without independent monitoring and further study at independent 
isosbestic points, neither the stepwise intra-ionic nor the concerted diiodide formation 
mechanism could not be ruled out.  
Nevertheless, an overall scheme was proposed for the Os-CF3 complex (Scheme 5.1), 
where following light excitation, the excited state localized on one of the ancillary CF3 
ligands, away from the tmam ligand. At concentrations below 8 equivalents, a combination 
of static and dynamic mechanism quenching occurred. The dynamic quenching rate constant 
(kq = 5.9 x 1010 M–1 s–1) was found to be close to the calculated diffusional rate constant. In 
this regime, diiodide was assumed to be formed through a stepwise mechanism, despite the 
unfavorable estimated thermodynamic driving force for the reaction. Electron transfer 
reactions with rate constants close to the diffusional limit have been previously characterized 
for reactions that are thermodynamically unfavorable.48 
At concentrations of iodide exceeding 8 equivalents, the external iodide concentration 
no longer impacted the excited-state quenching, which indicated that an intra-ionic electron 
transfer mechanism was operative. Within the ter-ionic species, electron transfer was 
proposed to occur from the iodide located closer to the metal center following light excitation 
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with an observed rate constant of approximately 5.6 x 107 s–1, based on the PL decay. This 
iodide was expected to be more easily oxidized, as it was stabilized to a lesser extent (~240 
meV) and was believed to have enhanced coupling with the metal center, relative to the 
iodide in the tmam pocket. The succession of events that led to the formation of the bond in 
diiodide remained speculative. 
Scheme 5.2. Proposed reaction mechanisms for electron transfer and I-I bond formation for A) Os-CF3 
and B) [Ru(dmb)2(tmam)]4+ indicating the excited state electron density by red color on ligand 
 
The stepwise intra-ionic mechanism proposed for the [Ru(dmb)2(tmam)]4+ was used 
as a comparison, Scheme 2B. In this case, following light excitation, rapid electron transfer 
(~77 ns) occurred and the formation of diiodide was slower (~100 ns) due to suggested 
Coulombic repulsion between the remaining iodide anion in the tmam pocket and the 
reduced tmam ligand. The iodide anion in the tmam pocket was expected to move away 
from the reduced ligand while  the iodine atom diffused towards iodide to form a bond.  
With Os-CF3, electron transfer occurred more rapidly following light excitation (~18 
ns). There was no Coulombic repulsion between the tmam ligand and the iodide species 
(Scheme 2A), as the electrons localized on one of the CF3 ligands and diiodide formation 
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was estimated to occur faster (~26 ns). The iodide anion in the tmam binding pocket could 
hence move closer, even as the electron transfer occurred and could concertedly form a bond. 
The bond formation could also occur stepwise, similarly to what has been observed for the 
ruthenium tmam complexes.  
5.3 Conclusions 
In conclusion, two novel osmium complexes were synthesized, which promoted ter-
ionic structures with halides through the rational inclusion of a dicationic tmam ligand with a 
halide binding pocket. Spectroscopic data indicated that similar ter-ionic structures were 
formed with both osmium complexes and Cl–, Br– and I–.  
Upon visible light excitation, the Os-CF3 ter-ionic complex was shown to oxidize 
iodide in acetone, contrary to Os-bpy. The Os-CF3 excited-state underwent rapid electron 
transfer and subsequent I-I bond formation with a rate constant (5.9 x 1010 M–1 s–1) close the 
diffusional limit, as evidenced by Stern–Volmer experiments and transient absorption 
spectroscopy. At concentrations below 8 equivalents, a combination of static and dynamic 
quenching mechanisms was determined. An intra-ionic mechanism independent of external 
iodide concentration was determined at concentrations exceeding 8 equivalents. The excited-
state lifetime saturated at ~20 ns and rapid diiodide bond formation was determined. The 
excited-state dipole was determined to be oriented away from the tmam binding pocket in 
Os-CF3 and this possibly contributed in the more rapid electron transfer and I-I bond 
formation. The kinetic and thermodynamic data did not conclusively reveal whether a 
concerted or stepwise intra-ionic mechanism was operative. Further kinetic studies such as 
ultrafast transient spectroscopy to determine the nature of the mechanism should be 
undertaken. In addition, osmium complexes bearing 2,2’-bipyrazine or 4,4’-dicyano-
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2,2’bipyridine ancillary ligands should give rise to osmium complexes that are more potent 
photo-oxidants than OsCF3 and hence increase the yield of photo-products upon illumination 
in the presence of iodide.  These perspectives should help determine the influence that the 
excited state localization may have on the quenching and bond formation mechanism and 
how this may be accounted for in the future designs of complexes capable of driving covalent 
bond formation.  
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5.5 Additional Content – Experimental Methods 
5.5.1 Materials 
Acetone (Burdick and Jackson, 99.98 %) and Acetonitrile (Burdick and Jackson, 
99.9%) were used as received. Argon gas (Airgas, 99.998 %) was passed through a Drierite 
drying tube before use. Tetrabutylammonium bromide (TBABr, Sigma-Aldrich, ≥ 99.0 %), 
tetrabutylammonium iodide (TBAI, Sigma-Aldrich, ≥ 99.0 %), tetrabutylammonium 
hexafluorophosphate (TBAPF6, Sigma-Aldrich, for electrochemical analysis, ≥ 98 %), tri-p-
tolylamine (TCI America, ≥98%) were used as received. Tetrabutylammonium chloride 
(TBACl, Sigma-Aldrich, ≥ 99.0 %) was dried under vacuum for 30 min prior to use. 
Deuterated acetone was purchased from Cambridge Isotope Laboratories, Inc. All other 
chemicals were obtained from commercial distributors with minimum purity of 98 % and 
used as received. All solutions were purged with argon for at least 30 minutes before all 
electrochemical, photoluminescence and titrations experiments.  
5.5.2 Synthetic Methods 
5.5.2.1 Synthesis of [Os((CF3)2bpy)2Cl2] 
4,4’-bis(trifluoro)-2,2’-bipyridine ((CF3)2bpy) (382 mg, 1.31 mmol) and ammonium 
hexachloroosmate (274 mg, 0.62 mmol) were suspended in a microwave tube containing 8.5 
mL of argon sparged ethylene glycol. The reaction mixture was heated under microwave 
irradiation to reach the temperature of 200°C in 3 minutes. The reaction mixture was held at 
this temperature for 30 minutes. After cooling, 20 mL of a 1M Na2S2O4 aqueous solution 
were added and the mixture was cooled for 30 minutes in an ice bath. The solution was then 
filtered and the precipitate was washed with water to remove impurities and with hexane to 
remove excess of unreacted ligand. The final product, [Os((CF3)2bpy)2Cl2] was obtained as a 
black-purple microcrystalline solid. The complex was used without further purification. 
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5.5.2.2 Synthesis of [Os(bpy)2Cl2]  
2,2’-bipyridine (747 mg, 4.8 mmol) and ammonium hexachloroosmate (1.0 mg, 2.3 
mmol) were suspended in 40 mL or argon sparged ethylene glycol. The reaction mixture was 
heated at reflux for one hour under argon. After reaction, the mixture was cooled to room 
temperature and 40 mL of a saturated Na2S2O4 aqueous solution were added. The mixture 
was cooled in an ice bath for 30 minutes prior to being filtered. The precipitate was washed 
with water and diethylether hexane. The final product, [Os(bpy)2Cl2] was obtained as a 
black-purple microcrystalline solid. The complex was used without further purification.  
5.5.2.3 Synthesis of [Os(bpy)2(tmam)]4+.4PF6–  
[Os(bpy)2Cl2] (100mg, 0.174 mmol) and tmam.2PF6- (103 mg, 0.174 mmol) were 
combined with 15 mL of an EtOH/H2O 1:1 mixture in an ACE tube. The mixture was purged 
with argon for 30 minutes after which the tube was sealed and the reaction was heated at 
120°C for 48 hours. After reaction, the mixture was brought to room temperature and 
evaporated under reduced pressure. The residue was dissolved in methanol and filtered on a 
0.2 µm syringe filter. The filtrate was concentrated under reduced pressure and purified by 
size exclusion LH20 column chromatography using MeOH as eluent. The desired fraction 
was collected and taken to dryness. The residue was finally dissolved in water and 
precipitated by the addition of a saturated NH4PF6 aqueous solution. The precipitate was 
filtered, washed with water and diethylether to yield a brown solid (185mg, 79%). 1H NMR 
(600 MHz, Acetone-d6): δ 8.94 (s, 2H), 8.81 (t, J = 7.6 Hz, 4H), 8.25 (d, J = 6.0 Hz, 2H), 
8.09 – 8.03 (m, 4H), 7.97 (d, J = 5.6 Hz, 2H), 7.91 (d, J = 5.6 Hz, 2H), 7.71 (dd, J = 6.0, 1.8 
Hz, 2H), 7.55 – 7.51 (m, 2H), 7.46 – 7.42 (m, 2H), 4.89 (s, 4H), 3.40 (s, 18H). 13C NMR 
(600 MHz, Acetone-d6) δ 161.32, 159.62, 159.56, 152.74, 152.59, 151.67, 138.82, 137.68, 
132.95, 129.56, 129.34, 129.31, 125.54, 67.71, 53.91. 
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5.5.2.4 Characterization of [Os(bpy)2(tmam)]4+.4PF6– 
 
Figure 5.10. 1H NMR spectrum of [Os(bpy)2(tmam)]4+.4PF6– in d6–acetone. 
5.5.2.5 Synthesis of [Os((CF3)2bpy)2(tmam)]4+.4PF6– 
[Os((CF3)2bpy)2Cl2] (100mg, 0.118 mmol) and tmam.2PF6- (70 mg, 0.118 mmol) 
were combined with 15 mL of an EtOH/H2O 1:1 mixture in an ACE tube. The mixture was 
purged with argon for 30 minutes after which the tube was sealed and the reaction was heated 
at 120°C for 48 hours. After reaction, the mixture was brought to room temperature and 
evaporated under reduced pressure. The residue was dissolved in methanol and filtered on a 
0.2 µm syringe filter. The filtrate was concentrated under reduced pressure and purified by 
size exclusion LH20 column chromatography using MeOH as eluent. The desired fraction 














































































































































































































precipitated by the addition of a saturated NH4PF6 aqueous solution. The precipitate was 
filtered, wash with water and diethylether to yield a brown solid (70mg, 36%).1H NMR (600 
MHz, Acetone-d6) δ 9.44 (d, J = 7.4 Hz, 4H), 8.99 (s, 2H), 8.44 (d, J = 6.1 Hz, 2H), 8.36 (d, J 
= 6.0 Hz, 2H), 8.31 (d, J = 5.9 Hz, 2H), 7.75 (m, J = 5.0 Hz, 6H), 4.90 (s, 4H), 3.40 (s, 18H). 
13C NMR (600 MHz, Acetone-d6) δ 161.16, 160.81, 160,26, 154.44, 153.51, 139. 45, 133.18, 
129.68, 122.75, 67.56, 54.00. 
5.5.2.6 Characterization of [Os((CF3)2bpy)2(tmam)]4+.4PF6– 
 
Figure 5.11. 1H NMR spectrum of [Os((CF3)2bpy)2(tmam)]4+.4PF6– in d6–acetone. 
5.5.3 Nuclear Magnetic Resonance 
Characteristic NMR spectra and halide titration experiments were obtained at room 
































































































































inverse (BBI) probe. Solvent residual peaks were used as internal standards for 1H (δ =2.05 
ppm for (CD3)2CO) and δ = 3.31 ppm for CD3OD) chemical shift referencing. NMR spectra 
were processed using MNOVA. 
5.5.4 UV-Visible Absorption 
UV−Vis absorption spectra were recorded on a Varian Cary 60 UV−Vis 
spectrophotometer with a resolution of 1 nm. The molar absorption coefficient of the 
different complexes was determined by diluting a stock solution of osmium complex and 
represent averages of at least three independent measurements.  
5.5.5 Steady-State Photoluminescence 
Room temperature steady state photoluminescence (PL) spectra were recorded on an 
Edinburgh FLS920 fluorescence spectrophotometer using a 450 W xenon arc lamp as the 
excitation source and a photomultiplier tube (Hamamatsu 2658P) as the detector. The 
photoluminescence intensity was integrated for 0.3 s at 1 nm resolution and averaged over 
three scans. All PL spectra were corrected by calibration of each instrument’s spectral 
response with a standard tungsten-halogen lamp. The PL quantum yield, ФPL, was measured 
by comparative actinometry using [Os(bpy)3]2+.2PF6– in acetonitrile (Φ = 0.00462)26 as a 
quantum yield standard.  
5.5.6 Time-Resolved Photoluminescence 
Time-resolved PL data were acquired on a nitrogen dye laser with excitation centered 
at 445 nm, as described previously.46 Pulsed light excitation was achieved with a Photon 
Technology International (PTI) GL-301 dye laser that was pumped by a PTI GL-3300 
nitrogen laser. The PL was detected by a Hamamatsu R928 PMT optically coupled to a 
ScienceTech Model 9010 monochromator terminated into a LeCroy Waverunner LT322 
oscilloscope. Decays were monitored at the photoluminescence maximum and averaged over 
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180 scans. Non-radiative and radiative rate constants were calculated from the quantum 
yields, ФPL = kr/(kr + knr) and lifetimes, τ = 1/(kr + knr). 
5.5.7 Electrochemistry 
Cyclic voltammetry/square wave voltammetry was performed with a BASi Epsilon 
potentiostat in a standard three-electrode-cell, i.e. a platinum working electrode, platinum 
counter electrode and a non-aqueous silver/silver chloride (Pine) reference electrode that was 
referenced to an external ferrocene (Fe(Cp)2, +650 mV vs NHE standard. Experiments were 
performed in 0.1 M TBAClO4 acetone electrolyte.  
5.5.8 Halide Titrations 
UV−Vis halide titration experiments were performed in acetone using approximately 
10 µM of osmium complex. UV-Vis measurements were performed for each of 
tetrabutylammonium halide salt through additions of approximately 0.3 equivalents. Stock 
solutions were initially prepared for both complexes and 3 mL of the stock solution was 
transferred to a quartz cuvette. 3-5 mL titration solutions were then prepared from the same 
stock solution by adding halide salt to obtain the desired concentrations. The solutions were 
then titrated into the quartz cuvette in 10 or 20 µL additions. The concentration of complex 
remained unchanged throughout the titrations by preparing the stock solutions. Titrating 
solutions were kept in the dark for the duration of the experiment.  
Time-resolved and steady-state PL titration experiments were performed in acetone 
using approximately 10 µM of osmium complex and TBAI. Solutions were prepared and 
titration experiment was performed in the same way as for the UV-Vis titrations, but were 
purged with argon for 30 minutes prior to experiments.  
The 1H NMR titrations were performed using Bruker Avance III 600 MHz 
spectrometer equipped with a broadband inverse (BBI) probe using 600 µL of a 500 µM 
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[Os(LL)2(tmam)]4+.4PF6– solution in deuterated acetone. Titration was performed by 0.25 
equivalent additions of TBACl or TBAI (10 µL additions). Each spectrum was averaged over 
32 scans and was not corrected for dilution. 
5.5.9 Equilibrium Constants 
Equilibrium constants were determined by plotting the absorbance change (DAbs), 
which was obtained by subtracting the initial spectrum in the absence of chloride from all 
subsequent spectra, at a minimum of five different wavelengths around the MLCT region, as 




1 + 𝐾Î[𝐼–] +	𝐾Î𝐾,[𝐼–],
 Equation 5.6 
The extinction coefficients for the ion pairs (eDRu:I and eDRu:2I) were not known. A fit 
was used where the equilibrium constants were shared between and the extinction 
coefficients were allowed to float.  
5.5.10 Transient Absorption Spectroscopy 
Nanosecond transient absorption measurements were acquired on a setup published 
previously.49 Briefly, a Q-switched, pulsed Nd:YAG laser (Quantel USA (BigSky) Brilliant B 
5−6 ns full width at half-maximum (fwhm), 1 Hz, ∼ 10 mm in diameter) doubled to 532 nm. 
The laser irradiance at the sample was varied between 4–80 mJ/pulse. The probe lamp was a 
150 W xenon arc lamp and pulsed at 1 Hz with 70 V during the experiment. Signal detection 
was achieved using a monochromator (SPEX 1702/ 04) optically coupled to an R928 
photomultiplier tube (Hamamatsu) at a right angle to the excitation laser. Transient data were 
acquired with a computer-interfaced digital oscilloscope (LeCroy 9450, Dual 330 MHz) with 




wavelength range, an average of 30 laser pulses were acquired and averaged at each 
wavelength of interest. Intervals of 10 nm were collected for wavelength between 370 and 
600 nm and intervals of 20 nm were collected between 600 and 800 nm. Time-resolved PL 
data were also acquired at the same laser intensity at 532 nm. For single wavelength 
absorption changes 90–180 scans were averaged depending on signal to noise level.  
Samples were prepared in a similar manner as during halide titrations but care was 
taken to achieve ~0.2 absorption at 532 nm. The samples were checked routinely (every 180 
shots) for photodegradation during higher intensity (30-80 mJ/pulse) laser experiments and 
with no or minimal changes detected in the UV-visible spectra. 
5.5.11 Determination of Reduced Complex Spectra  
The absorption spectrum of the singly reduced Os-CF3 complex was determined 
using a procedure adapted from literature.45 A 20 µM solution of Os-CF3 with 7 mM tri-
methoxy-phenylamine (MeOTPA) was irradiated with 532 nm light (10 mJ/pulse). Transient 
absorption spectra were consistent with the formation of the reduced Os-CF3 complex and 
oxidized MeOTPA+. The spectra were then normalized at 680 nm, and the known spectrum 
of MeOTPA+ (obtained through spectroelectrocemistry in 0.1 TBAClO4 acetone solution) 
was subtracted. The same experiment was repeated with a 20 µM solution of Os-CF3 with 25 
mM hydroquinone that was irradiated at 16 mJ/pulse, and the resulting difference spectra 
corresponding to the reduced Os-CF3 overlapped with the previous result. 
5.5.12 Theoretical Calculations  
Density Functional Theory calculations were carried out using the Gaussian 09 
program package.50 The structures of two osmium complexes with zero, and one or two 
iodide anions located at the positions indicated by 1H NMR, were optimized to their 
minimum energy and frequency calculations were performed to verify no contributions from 
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imaginary frequencies. In all calculations, the B3LYP functional was used,51–54 with the 
LANL2DZ basis set55–57 with an added f-polarization function applied to osmium, cc-PVDZ-
PP with an added f-polarization function applied to iodide,58 and 6-311G* applied to the 
other elements.59 Second-order perturbations analysis of intermolecular interactions of 
natural atomic charges used for Coulombic work term calculations were performed with the 
NBO 3 program, as implemented in the Gaussian software package. The resulting co-
ordinates and charges were analyzed using Coulomb’s law expression and visualized using 
Mathematica.  
5.6 Additional Content – Supporting Data  
 
Figure 5.12. The 1H NMR spectra of Os-bpy with indicated equivalents of TBAI showing both the 
aromatic region and methylene hydrogens of the tmam ligand. The experiment was performed using a 




Figure 5.13. UV-Visible absorption spectra of Os-CF3 in acetone with indicated equivalents of a) TBACl, 
b) TBABr, and c) TBAI. Insets show the same data when the spectrum measured in the absence of halide 
was subtracted from all of the spectra. 
 
Figure 5.14. UV-Visible absorption spectra of Os-bpy in acetone with indicated equivalents of a) TBACl, 
b) TBABr, and c) TBAI. Insets show the same data when the spectrum in the absence of halide was 
subtracted from all the spectra. 
 
Figure 5.15. Contour plots of Os-bpy in the plane containing the tmam ligand, describing the Coulombic 
free energy (in eV) experienced by an iodide anion.  
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Figure 5.16. a) Time-resolved PL decays measured after pulsed 445 nm light excitation of 
[Os(bpy)2(tmam)]4+ in acetone with 0 and up to 6 equivalents of TBAI. Overlaid are mono-exponential 
fits. Inset shows steady state PL spectra of [Os(bpy)2(tmam)]4+ in acetone with 0 and up to 6 equivalents 
of TBAI in acetone. 
Figure 5.17. Normalized transient difference spectra of the “monoreduced” osmium complex (blue) 
measured 1 µs after pulsed 532 nm (10-16 mJ/pulse) nanosecond laser excitation of Os-CF3 with MeO-
TPA or hydroquinone in acetone. The diiodide spectrum in acetone (maroon) is also shown. 



























Figure 5.18. The absorption changes for Os-CF3 monitored at 399 nm after pulsed 532 nm light excitation 
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 Halogen Reduction Potentials in Organic Solvents Determined with 
Photoredox Catalysts7 
6.1 Introduction 
Halogen atoms are important reagents for energy relevant applications, as well as in 
organic chemistry where they are used for C-H activation, for example.1–9 The common step 
in these reactions is the formation of a halogen radical from a halide anion by a one-electron 
transfer to an excited-state photocatalyst. Hence, the halogen atom formal reduction 
potential, E°(X•/−), is of central importance. The photocatalysts used in such reactions are 
designed with E°(X•/−) in mind, as this instructs on the potential required for the electron 
transfer process. Values available in the literature are mainly restricted to aqueous solutions, 
while reports in organic solvents are scarce.9–12 However, interest in halogen oxidation 
reactions is not constrained to aqueous solvents, and there is a need to develop more in depth 
understanding of how these potentials vary with different organic solvents. Unfortunately, 
standard electrochemical techniques do not provide the desired one-electron potentials, as 
two-electron halogen chemistry is exclusively observed at metal electrodes.13 The available 
E°(X•/−) values were mainly determined through pulse-radiolysis techniques in aqueous 
solutions.9,14 Alternatively, one-electron potentials can be estimated from second order 
quenching rate constants by a combination of Marcus Theory and the application of a Rehm-
Weller type expression for photoinduced electron transfer. 
7 This work is part of ongoing research. Presented here are the results and preliminary interpretation of the data 




Herein, are reported the reduction potentials of chlorine, bromine, and iodine atoms in 
six different organic solvents obtained through excited-state quenching studies with the two 
iridium photoredox catalysts shown in Scheme 6.1. The periodic trend for the halogen atom 
reduction potentials, with E°(Cl•/–)> E°(Br•/–)> E°(I•/–) was sustained in all solvents. 
However, the potentials spanned between different solvents dramatically, ∆E°= 890 mV for 
I, 860 mV for Br and 830 mV for Cl, and in butyronitrile there was only a 60 mV range in the 
three halogen reduction potentials. The implications of these findings on halogen solvation, 
halide anion stabilization and photoredox chemistry are discussed. 
Scheme 6.1.The photoredox catalysts used in this study: [Ir(dF-CF3ppy)2(4,4’-(CF3)2bpy)]+, (Ir-4,4’-CF3) 
and [Ir(dF-CF3ppy)2(5,5’-(CF3)2bpy)]+, (Ir-5,5’-CF3). PF6– or Cl– salts were isolated for experiments in 
organic solvents or water respectively. 
 
6.2 Results and Discussion 
The iridium photocatalysts exhibited spectroscopic properties typical of charge-
transfer excited states15 with intense room temperature photoluminescence (PL) centered 
around 600 nm, Figure 6.1. The absorption and PL spectra displayed small, yet measurable, 
solvatochromism. Pulsed light excitation yielded PL decays that were well described by a 
first-order kinetic model with excited state lifetimes, t0, that were more sensitive to the 


































displayed quasi-reversible E°(Ir+/0) reductions in all six organic solvents with 0.1 M 
tetrabutylammonium (TBA+) perchlorate electrolyte. The excited-state reduction potentials 
were determined from E°(Ir*+/0) = E°(Ir+/0) – ∆Ges, where ∆Ges is the Gibbs free energy stored 
in the excited state that was extracted from corrected PL spectra as previously reported.16,17 
These iridium catalysts were potent photo-oxidants with excited-state reduction potentials 
E°(Ir*+/0) of 1.82 V (Ir-4,4’-CF3) and 1.84 V vs NHE (Ir-5,5’-CF3) in CH3CN, Table 6.1.18 
Table 6.1.Solvent dependent excited-state lifetime and reduction potentials of the iridium photocatalysts. 












Prop. Carb. 345 63 -1.25 -1.11 1.24 1.28 
Acetonitrile 428 83 -1.24 -1.15 1.19 1.21 
Butyronitrile 487 96 -1.22 -1.12 1.23 1.25 
Valeronitrile 174 69 -1.22 -1.12 1.31 1.32 
Acetone 378 79 -0.75 -0.64 1.73 1.72 
Dichloromethane 770 286 -0.62 -0.54 1.81 1.83 
aV vs Fc+/Fc which, in acetonitrile, is approximately related to NHE by adding 0.63 V. 
Chloride, bromide, or iodide quenched the steady-state PL intensity and the excited-
state lifetime.19 Figure 6.1jl shows some representative data in CH3CN, while Figure 6.2 
provides data in aqueous solution, where the only halide to show substantial quenching was 
iodide. Figure 6.2 also shows data in butyronitrile, where Cl– and Br– quenching was nearly 
the same. The corresponding data measured in the other solvents are shown in Figures 6.6-
6.17. Stern-Volmer plots of PLI0/PLI and t0/t were linear and coincident, indicative of 
dynamic quenching under all conditions except for Ir-5,5’-CF3* which showed evidence for 
both dynamic and static quenching in dichloromethane, Figure 6.17. Second-order quenching 
rate constants, kq, ranged from 0.052 x1010 M−1s−1 to 5.27 x1010 M−1s−1 with solvent and 
halide ion, Tables 6.7-6.8. Note that in water, with t0 = 120 ns and up to 100 mM salt 
concentrations, bromide and chloride oxidation did not compete kinetically with excited state 
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relaxation and kq < 8 x 107 M–1s–1. Importantly, there was no evidence for ligand-loss or other 
permanent photochemistry during quenching experiments.20–22 
 
Figure 6.1. Absorption and photoluminescence spectra of the indicated photocatalysts in CH3CN (top) 
and time-resolved photoluminescence (bottom) of [Ir(dF-CF3ppy)2(4,4’-(CF3)2bpy)]+ with increasing 
amounts of chloride in argon purged acetonitrile at room temperature. The inset provides Stern-Volmer 
plots for iodide, bromide and chloride. 
To test whether the cation that accompanied the halide salts influenced the quenching 
data, experiments were carried out with tetraoctyl-, tetrahexyl- and tetraethylammonium 
iodide in CH2Cl2. The extracted quenching rate constants were, within experimental error, the 
same. Further quenching experiments in acetone with lithium iodide and bromide provided 
the same kq values as TBAI and TBABr, respectively, which indicated that the cation identity 
did not significantly influence halide quenching.23 Experiments performed in CD2Cl2 
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provided kq = 2.81 x1010 M−1s−1 which was greater than in CH2Cl2 (kq = 1.67 x1010 M–1s–1). 
Although this difference in kq was small, it is consistent with weaker halide stabilization 
afforded by deuterium compared to hydrogen bonding.24–26 In 5 mM TBAPF6, quenching by 
chloride in CH2Cl2 occurred with kq = 0.79 x1010 M−1s−1. The approximate factor of two 
smaller quenching rate constant could result from either increased halide stabilization by the 
electrolyte or changes in dielectric constant. 
 
Figure 6.2. Photoluminescence decays measured after pulsed 460 nm excitation of [Ir(dF-CF3ppy)2(4,4’-
(CF3)2bpy)]+ in argon purged butyronitrile (top) or water (bottom) with the indicated range of TBACl or 
NaI, respectively. The insets represent the corresponding Stern-Volmer plots by iodide (purple), bromide 
(orange) and chloride (green). An equilibrium constant, Keq ~200 M–1, for iodide in water was determined 
using the initial PLI amplitude. 
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Nanosecond transient absorption spectroscopy confirmed a reductive quenching 
mechanism by bromide and iodide where features characteristic of the oxidized halide and 
reduced iridium catalyst were evident, Figures 6.18-6.21. Excited-state electron transfer from 
chloride was evident in the kinetic data as a small amplitude feature attributed to the reduced 
catalysts, Figure 6.21. The inability to quantify oxidized chloride products likely stems from 
a low yield of separated products.  
Collectively, the data indicated a diffusional quenching mechanism wherein the 
excited state and the halide formed an encounter complex prior to electron transfer. Stern-
Volmer analysis indicated that the reaction was first-order in halide concentration. Rate 
constants greater than 109 M–1s–1 required correction for diffusion and encounter complex 
formation to yield a first-order electron transfer rate constant, ket. The diffusional rate 
constants for iodide, bromide, chloride and the iridium complexes were estimated in each 
solvent with Equations 6.1-6.5,9,12 




 Equation 6.2 
where, NA is Avogadro’s number and D is the diffusion coefficient for each reactant. 
The diffusion coefficient was calculated through the Stokes−Einstein relation (Equation 6.2), 
where h is the solvent viscosity, and kB is Boltzmann’s constant.  
The effective reaction radius, b, was defined by Equation 6.3. The radii, r, of the 
reactants are assumed to be spherical, where I– = 2.06 Å, Br– = 1.96 Å, Cl– = 1.84 Å and the 




 Equation 6.3 
 
 229 
In this equation R was the sum of the reactant radii, r, Rc was the Onsager radius, as 
defined by Equation 6.4, k was the Debye length (Equation 6.5), z is the ionic charge, er is 
the solvent dielectric constant, e0 is the vacuum permittivity, e is the elementary charge of an 








 Equation 6.5 
Values obtained for the effective reaction radii, Onsager radii, Debye length, and the 
diffusion coefficients for the different species of interest are tabulated in Tables 6.4-6.5 and 
the diffusional rate constants for the reaction between Ir* and the different halides are 
gathered in Table 6.6, as are the relevant solvent parameters. 
Table 6.2. Association equilibrium constant for the indicated halide in in propylene carbonate, 
acetonitrile, butyronitrile, valeronitrile, acetone and dichloromethane. Values were obtained using 
Equation 6.3. 
Solvent KA Cl (M-1) KA Br (M-1) KA I (M-1) 
Prop. Carb. 4.1 4.2 4.3 
Acetonitrile 8.4 8.5 8.6 
Butyronitrile 18 18 18 
Valeronitrile 30 30 30 
Acetone 26 26 26 
Dichloromethane 820 770 740 
The encounter complex formation depends on the size and charge of the species 
involved, as well as the solvent dielectric constant. Here with two charged species, as the 
solvent dielectric constant decreases, KA is expected to increase, with value that ranged from 
~ 4 M–1 in propylene carbonate to 820 M–1 in dichloromethane. The association equilibrium 
constant (KA) for encounter complex formation for every Ir/halide combination was 






(Î-öÊ) Equation 6.6 
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The electron-transfer rate constant for X− oxidation, ket was estimated using Equation 
6.7 that relates kq (Tables 6.7-6.8) to kdiff (Table 6.6) and the product of the equilibrium 
constant for encounter complex formation, KA =k1/k-1, and ket. Within this encounter 
complex, electron transfer occurs by a first-order reaction with units of s−1. As the units of KA 









 Equation 6.7 
The ket values report on the free energy change for halide oxidation as described by 
semi-classical Marcus theory, Equation 6.8,29,30 where HAB is the electronic coupling matrix 
element,31,32 l is the reorganization energy, and ∆G° is the Gibbs free energy change for 
excited-state halide oxidation. A typical value of l = 1 eV was assumed33–38 considering that 
the inner-sphere contributions from the halogen X•/− and the Ir*+/0 were negligibly small.39 
The pre-exponential factor A was assumed to be 1.0 x1011 s−1.28 Pre-exponential factor values 
that range 1011-1012 s–1 are commonly employed for bimolecular electron transfer. The ket 
values determined using Equation 6.7 allowed to extrapolate ∆G° values using Equation 6.8. 
Equation 6.9 is similar to the classical Rehm and Weller expression that relates ∆G° 
to the difference in formal reduction potentials, Faraday’s constant and the work (Gw) 
associated with forming and dissociating the encounter complex.40,41 The work terms were 













) Equation 6.8 
∆𝐺ù = ~𝐸°x𝑋•/4{ − 𝐸°x𝐼𝑟∗-/H{ℱ + 𝐺ð Equation 6.9 
𝐺ð =





 Equation 6.10 
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The formal reduction potentials determined in this manner are gathered in Table 6.3. 
Note that these formal reduction potentials are estimated using Equations 6.1-6.10 that rely 
on specific approximations that will be described further below. It is noteworthy that the 
expected periodic trend was evident in each solvent, E°(I•/–) < E°(Br•/–) < E°(Cl•/–).9 The 
previously reported Eo(I•/−) = 1.23 V vs NHE in CH3CN, is in reasonable agreement with the 
data reported here, i.e 1.30 V vs NHE.9  
Table 6.3. Estimated formal reduction potential of iodide, bromide and chloride in the indicated solvents. 
Values in parenthesis represent the workterm calculated with a Coulomb’s law type expression. See text 








Prop. Carb. 0.84 (25) 0.96 (25) 1.06 (25) 
Acetonitrile 0.67 (44) 0.77 (45) 0.82 (45) 
Butyronitrile 0.79 (65) 0.83 (66) 0.85 (67) 
Valeronitrile 0.73 (81) 0.91 (82) 0.93 (83) 
Acetone 1.18 (77) 1.27 (78) 1.28 (79) 
Dichloromethane 1.41 (182) 1.49 (184) 1.52 (187) 
aV vs Fc+/Fc which, in acetonitrile, is approximately related to 
NHE by adding 0.63 V. bin meV. 
In water, Ir-4,4’-CF3* provided a quenching rate constant of 1.06 x1010 M–1s–1 for 
iodide and insignificant quenching with bromide and chloride in water (Figure 2). This is in 
thermodynamic agreement with the Eo(X•/−) in water, which are reported as 1.33, 1.92 and 
2.2-2.4 V vs NHE for iodide, bromide and chloride, respectively.43–45 Application of Marcus 
theory allowed the determination of Eo(I•/−) of 1.32 V vs NHE in water.  
To assess the sensitivity of the reduction potential to the assumption made, the E°(I•/−) 
potentials were calculated with l values ranging from 0.8 to 1.2 eV and pre-exponential 
factors ranging from 1 x 1010 to 1 x 1013 s−1. Varying these parameters indicated a ±100 mV 




Figure 6.3. Calculated E°(I•/-) potentials in the indicated solvents as a function of the preexponential 
factor, A.  
 
Figure 6.4. Calculated E°(I•/-) potentials in the indicated solvents as a function of the reorganization 
energy, l.  
The halogen formal reduction potentials were very sensitive to the solvent identity. 
Thermodynamically it was far more difficult to oxidize the halides in water than in the 
organic solvents. The relatively small positive shift in E°(X•/−) as one proceeds down the 
halogen family in the organic solvents is also noteworthy. Indeed, the difference between 
E°(I•/−) and E°(Cl•/−) ranged from 60 mV in butyronitrile to 220 mV in propylene carbonate. 
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Less than a 40 mV gap separated Eo(Cl•/−) from Eo(Br•/−) in four solvents, as was evidenced 
by nearly coincident Stern-Volmer plots. In contrast, about 300 mV separate the chloride and 
bromide gas phase ionization potentials and aqueous reduction potentials.9 
Prior research has shown that the selectivity for Cl• extraction of primary versus 
tertiary H atoms was dependent on the identity of the organic solvent, leading to the 
conclusion that some solvents stabilized Cl• more effectively than others.46–48 The data here 
are in qualitative agreement with these reports and provide a quantitative measure of the 
enhanced stability. Attempts to correlate the potentials with bulk solvent properties, such as 
the dielectric constant, were inconclusive, Figures 6.22-6.24. Halides are solvated by water 
through H-bonds and there is growing evidence that this is also true in organic solvents as 
revealed by X-ray crystallography, NMR experiments and theoretical calculations.49–54 The 
factor of two isotope effect reported here in CD2Cl2 compared to CH2Cl2 also implicated H-
bonding involvement.24–26 Force field calculations have shown that 20% of the chloride 
electron density is transferred to the coordinated water through H-bonds.55–57 Such charge 




Figure 6.5. Partial charges for the indicated solvents extracted from the Natural Bond Order analysis. 
Density functional theory with Natural Bond Order (NBO) analysis58–60 was 
performed here to test whether the partial charge on the H atoms in each solvent was 
correlated with the experimental data, Figure 5. The NBO analysis predicted that the H atom 
in water and CH2Cl2 would be the most donating consistent with the positive potentials in 
these solvents. The methylene H atoms adjacent to the nitrile were also predicted to be better 
donors than the terminal methyl groups. The NBO analysis did not quantitatively predict the 
solvent trend reported here, which is likely due to the unknown halide coordination numbers 
of each solvent. 
6.3 Conclusion 
In conclusion, visible light excitation of [Ir(dF-CF3ppy)2(5,5’-(CF3)2bpy)]+ or [Ir(dF-
CF3ppy)2(4,4’-(CF3)2bpy)]+ resulted in excited-state oxidation of chloride, bromide and 
iodide in propylene carbonate, acetonitrile, butyronitrile, valeronitrile, acetone and 
dichloromethane. The excited-state quenching occurred with rate constants that ranged 
between 0.052 x1010 M−1s−1 and 5.27 x1010 M−1s−1, the larger values being near the diffusion 
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limits. Transient absorption spectroscopy supported a mechanism in which the excited-state 
accepted an electron from the halide to yield the mono-reduced iridium complexes and the 
respective halogen atoms. The absence of ligand loss photochemistry in these reactions 
speaks towards the remarkable stability of this class of cyclometalated iridium complexes.  
Quenching rate constants were used to estimate halogen reduction potentials in six 
different organic solvents. Importantly, when the same method was used to estimate E°(I•/–) 
in water from the kq values obtained in Stern–Volmer experiments, the value (E°(I•/–) = 1.32 
V vs NHE) was remarkably similar to the accepted literature value (1.33 V vs NHE). 
Moreover, the estimated potentials predicted the smaller range of potentials in organic 
solvents predicted by the coincident slopes in the Stern–Volmer experiments.  
The data gathered here suggested that halide oxidation can be tuned by organic 
solvents and is far more facile than in water, findings that provide new opportunities in 
photoredox chemistry and HX splitting.  
An exciting perspective of this work is that current efforts are aimed towards 
broadening the scope of such an approach by using alternate photocatalysts to test whether 
the halogen reduction potentials are sensitive to the identity of the excited-state.  
6.4 Acknowledgements 





6.5 Additional Content 
6.5.1 Materials 
Acetone (Burdick and Jackson, 99.98 %), n-Butyronitrile (BuCN, Acros Organics, 99 
%), Acetonitrile (Acros, 99.9%, Anhydrous), Propylene carbonate (Acros, 99.8% 
Anhydrous), Valeronitrile (Acros, 99.8 %) and dichloromethane (Acros, 99.8% Anhydrous) 
were used as received. Argon gas (Airgas, 99.998 %) was passed through a Drierite drying 
tube before use. Tetrabutylammonium iodide (TBAI, Sigma-Aldrich, ≥ 99.0 %), 
Tetrabutylammonium bromide (TBAI, Sigma-Aldrich, ≥ 99.0 %), Tetrabutylammonium 
chloride (TBAI, Sigma-Aldrich, ≥ 99.0 %), Tetraoctylammonium iodide (TBAI, Sigma-
Aldrich, ≥ 99.0 %), Tetrahexylammonium iodide, Tetraethylammonium iodide, 
tetrabutylammonium perchlorate (TBAClO4, Sigma-Aldrich, for electrochemical analysis, ≥ 
99.9 %), Lithium iodide (Sigma-Aldrich), Lithium bromide (Sigma-Aldrich), tri-p-tolylamine 
(TCI America, ≥ 98 %), were used as received. All solutions were sparged with argon for at 
least 30 minutes before all electrochemical experiments.  
6.5.2 Sample Preparation for Photophysical and Photochemical Measurements 
All samples were prepared in an argon filled glovebox. The solvent was purged with 
argon for 45 minutes prior to being introduced into the glovebox. A stock solution of iridium 
complex was prepared by dissolving the desired iridium complex in 20 mL of solvent in 
order to reach an absorbance value of 0.1-0.2 at the excitation wavelength. 3 mL of this 
iridium solution were transferred into a custom-made photometric quartz cuvette and sealed 
with a septum while in the glovebox. Titrating solutions were prepared using 2 mL of the 
iridium stock solution and known amounts of tetrabutylammonium halide salts. The vial was 
sealed with a septum while in the glovebox. Similar sample preparation was used for 
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transient absorption experiments with the exception that the concentration was adjusted to 
reach absorbance value between 0.4 and 0.8 at 420 nm.  
6.5.3 Transient Absorption 
Nanosecond transient absorption measurements were acquired on a previously 
described apparatus.61 Briefly, a Q-switched, pulsed Nd:YAG laser (Quantel U.S.A. (BigSky) 
Brilliant B 5-6 ns full width at half-maximum (fwhm), 1 Hz, ∼10 mm in diameter) was 
utilized. The 355 nm laser was passed through an OPO and tuned to 420 nm. The laser 
irradiance at the sample was attenuated to 1.5-3 mJ/pulse. The probe lamp consisted of a 150 
W xenon arc lamp that was pulsed at 1Hz. Signal detection was achieved using a 
monochromator (SPEX 1702/04) optically coupled to an R928 photomultiplier tube 
(Hamamatsu) at a right angle to the excitation laser. Transient data were acquired with a 
computer-interfaced digital oscilloscope (LeCroy 9450, Dual 330 MHz) with an overall 
instrument response time of ∼10 ns. An average of 30 laser pulses were collected at each 
wavelength of interest over the 400-800 nm range. Intervals of 10 nm were used between 400 
and 600 nm while intervals of ranging from 10 to 40 nm were used between 600 and 800 nm. 
6.5.4 UV−Vis Absorption 
UV−vis absorption spectra were recorded on a Varian Cary 60 UV−Vis 
spectrophotometer with a resolution of 1 nm.  
6.5.5 Steady-State PL  
Steady-state PL spectra were recorded on a Horiba Fluorolog 3 fluorimeter and were 
corrected by calibration with a standard tungsten-halogen lamp. Samples were excited at 420 
nm. The intensity was integrated for 0.1 s at 1 nm resolution and averaged over 3 scans.  
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6.5.6 Time-Resolved Photoluminescence 
Time-resolved PL data were acquired on a nitrogen dye laser with excitation centered 
at 445 nm. Pulsed light excitation was achieved with a Photon Technology International 
(PTI) GL-301 dye laser that was pumped by a PTI GL-3300 nitrogen laser. The PL was 
detected by a Hamamatsu R928 PMT optically coupled to a ScienceTech Model 9010 
monochromator terminated into a LeCroy Waverunner LT322 oscilloscope. Decays were 
monitored at the PL maximum and averaged over 180 scans.  
6.5.7 Extinction Coefficient of Reduced Photocatalyst 
The absorption spectrum of the singly reduced Iridium complex was determined 
using a procedure adapted from literature.42 A 10 µM solution of Ir with 10 mM tri-p-
tolylamine (Me-TPA) was irradiated with 420 nm light (1.5 mJ/pulse). Laser excitation of Ir 
resulted in electron transfer from the TPA to Ir*. Transient absorption spectra were recorded, 
normalized at the TPA+ maxima, and the normalized spectrum of the oxidized TPA was 
subtracted to yield the difference spectrum between the reduced Ir and the ground state. The 
concentration of reduced complex formed was calculated from the known extinction 
coefficient of the oxidized TPA.62  
6.5.8 Stern-Volmer Experiments 
An iridium solution with an absorbance of 0.1 at 420 nm was prepared in an argon 
purged solvent. Various quencher solutions with known concentrations were prepared in each 
solvent. The desired quencher was gradually added to a solution of iridium photosensitizer 
and the excited-state quenching was monitored by steady-state and time-resolved 
photoluminescence. The decrease of excited-state lifetime and photoluminescence were 
directly related to the concentration of quencher. The corresponding Stern-Volmer plot can be 








= 1 + 𝐾KL[𝑄] = 1 + 𝑘N𝜏H[𝑄] Equation 6.11 
For Ir-5,5’-CF3 in dichloromethane, a combination of static and dynamic excited-state 
quenching occurred. Upward curvature of the photoluminescence integral (PLI0/PLI) ratio 
was observed. The combination of these two processes was analyzed through a combined 
Stern-Volmer analysis that has a quadratic dependence on the concentration of the quencher: 
∑(𝑃𝐿𝐼H)
∑(𝑃𝐿𝐼)
= 1 + (𝐾Y + 𝐾K)[𝑄] + 𝐾Y𝐾K[𝑄], Equation 6.12 
6.5.9 Density Functional Theory and NBO analysis  
Quantum mechanical calculations were carried out using the Gaussian 09 software 
package.63 The structures of the solvent molecules were optimized to a minimum energy, and 
frequency calculations were performed to verify no contributions from imaginary frequencies 
(no negative frequencies). In all calculations, the B3LYP functional was used, using the 6-
311 basis set, applied to all atoms.  
Second order perturbation analysis of intermolecular interactions and atom charges 
were performed with the NBO 3 program as implemented in the Gaussian software package. 
The partial charge for each of the atoms in the system were then extracted from the natural 
bond order analysis.58–60  
6.6 Additional Experimental Data 
Table 6.4. Onsager radii, Debye length and effective reaction radii determined in the indicated solvents 











Propylene Carbonate 0.85 7.2 1.28 1.29 1.30 
Acetonitrile 1.53 9.6 1.59 1.60 1.61 
Butyronitrile 2.26 11.7 1.87 1.88 1.88 
Valeronitrile 2.80 13.0 2.02 2.03 2.03 
Acetone 2.67 12.7 1.99 2.00 2.0 




Table 6.5. Diffusion coefficient of each halide and the iridium complexes in the indicated solvent. Values 
were obtained using Equation 6.2. 
Solvent DCl  
(x10-9 m2 s-1) 
DBr  
(x10-9 m2 s-1) 
DI  
(x10-9 m2 s-1) 
DIr  
(x10-9 m2 s-1) 
Propylene Carbonate 0.47 0.44 0.42 0.13 
Acetonitrile 3.21 3.02 2.87 0.87 
Butyronitrile 2.87 2.70 2.57 0.78 
Valeronitrile 1.48 1.39 1.32 0.40 
Acetone 3.88 3.64 3.46 1.05 
Dichloromethane 2.15 2.01 1.92 0.58 
Table 6.6. Solvent parameters, dielectric constant (er), viscosity (h) and dipole moment (µ), as well as the 
diffusional rate constant (kdiff) for the reaction between the iridium complex and each halide in the 
indicated solvents. 
Solvent er64 h  
(x10-3 Pa s)64  
µ 
(D)64  
kdiff Cl–  
(x1010 M-1s-1) 
kdiff Br–  
(x1010 M-1s-1) 
kdiff I–  
(x1010 M-1s-1) 
Prop. Carb. 66.14 2.53[65] 4.90 0.58 0.55 0.54 
Acetonitrile 36.64 0.369 3.93 4.92 4.71 4.55 
Butyronitrile 24.83 0.413 3.57[66] 5.17 4.93 4.76 
Valeronitrile 20.04 0.802[67] 4.13 2.87 2.74 2.64 
Acetone 21.01 0.306 2.88 7.42 7.08 6.83 
Dichloromethane 8.93 0.553 1.60 3.81 3.63 3.49 
Table 6.7. Excited-state dynamic (kq) quenching rate constants for Ir-4,4’-CF3 by each halide in the 
indicated solvents. The electron-transfer rate constant for halide oxidation, ket was calculated using 
equation 6.7. 












Propylene Carbonate 0.52 0.14 1.81 0.44 3.41 2.18 
Acetonitrile 9.09 1.34 15.7 2.77 24.3 6.06 
Butyronitrile 14.4 1.14 16.0 1.35 21.0 2.13 
Valeronitrile 9.94 0.51 12.7 0.79 20.4 3.01 
Acetone 31.8 2.11 31.1 2.11 42.2 4.20 
Dichloromethane 16.7 0.036 20.4 0.060 26.1 0.14 
Table 6.8. Excited-state dynamic (kq) quenching rate constants for Ir-5,5’-CF3 by each halide in the 
indicated solvents. The electron-transfer rate constant for halide oxidation, ket was calculated using 
equation 6.7. 












Propylene Carbonate 0.53 0.14 1.72 0.42 4.04 3.83 
Acetonitrile 8.39 1.21 14.6 2.49 29.9 10.1 
Butyronitrile 14.1 1.11 19.0 1.76 28.0 3.85 
Valeronitrile 17.3 1.45 18.2 1.82 25.4 22.2 
Acetone 28.5 1.76 33.6 2.43 52.7 8.79 






Figure 6.6. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(4,4’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged propylene carbonate at room 








Figure 6.7. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(5,5’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged propylene carbonate at room 




Figure 6.8. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(4,4’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged acetonitrile at room 




Figure 6.9. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(5,5’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged acetonitrile at room 




Figure 6.10. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(4,4’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged butyronitrile at room 




Figure 6.11. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(5,5’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged butyronitrile at room 




Figure 6.12. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(4,4’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged valeronitrile at room 




Figure 6.13. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(5,5’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged valeronitrile at room 




Figure 6.14. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(4,4’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged acetone at room temperature. 




Figure 6.15. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(5,5’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged acetone at room temperature. 




Figure 6.16. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(4,4’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged dichloromethane at room 




Figure 6.17. Time-resolved photoluminescence of [Ir(dF-CF3ppy)2(5,5’-(CF3)2bpy)]+ with the indicated 
concentration of iodide (a), bromide (b) and chloride (c) in argon purged dichloromethane at room 
temperature. The corresponding Stern-Volmer plot is represented in panel d.  
 
Figure 6.18. Transient absorption difference spectra of the indicated reduced complexes recorded in 




Figure 6.19. Transient absorption spectra recorded following pulsed 420 nm light excitation of a solution 
containing 250 µM of Ir-5,5-CF3 and 4 mM of TBAX in argon purged CH2Cl2. The reference absorption 
spectra of I2•- in CH2Cl2 is also shown for illustration purposes. 
 
Figure 6.20. Transient absorption spectra recorded following pulsed 420 nm light excitation of a solution 
containing 250 µM of Ir-5,5-CF3 and 4 mM of TBAI in argon purged CH2Cl2. The overlaid green line 





Figure 6.21. Absorption changes monitored at 540 nm (absorption lmax of the monoreduced complex) 
following pulsed 420 nm light excitation of a solution containing 250 µM of Ir-5,5-CF3 and 4 mM of TBAI 
or TBABr in argon purged CH2Cl2. For TBACl, the concentration used was 50 µM. 
 
Figure 6.22. E°(X•/-) measured for iodide, bromide and chloride in propylene carbonate (PC), 
Valeronitrile (VN), Acetonitrile (AN), Butyronitrile (BN), Acetone and Dichloromethane (DCM) as a 




Figure 6.23. E°(X•/-) measured for iodide, bromide and chloride in propylene carbonate (PC), 
Valeronitrile (VN), Acetonitrile (AN), Butyronitrile (BN), Acetone and Dichloromethane (DCM) as a 
function of the solvent’s Pekar factor.  
 
Figure 6.24. E°(X•/-) measured for iodide, bromide and chloride in propylene carbonate (PC), 
Valeronitrile (VN), Acetonitrile (AN), Butyronitrile (BN), Acetone and Dichloromethane (DCM) as a 
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